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(57) ABSTRACT

A rotor includes a cylindrical magnet having a plurality of
magnetic pole pairs. There are two types of the magnitude of
magnetic force in the magnetic pole pairs, that 1s, a relatively
large first magnetic force and a second magnetic force that 1s
smaller than the first magnetic force. Three magnetic sensors
are arranged around the rotor. A rotation angle computing
device detects the peak values of output signals of the respec-
tive magnetic sensors. Then, the rotation angle computing
device 1dentifies the magnetic pole pair, sensed by the first
magnetic sensor, based on a combination of the local maxi-
mum values of the three output signals.

8 Claims, 12 Drawing Sheets
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ROTATION ANGLE DETECTION DEVICE
AND TORQUE DETECTION DEVICE

INCORPORAITION BY REFERENC.

L1

The disclosure of Japanese Patent Applications No. 2011 -

051638 filed on Mar. 9, 2011 including the specification,
drawings and abstract, 1s incorporated herein by reference 1n
its entirety.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The invention relates to a rotation angle detection device
that detects the rotation angle of a rotor, such as a rotor of a
brushless motor, and a torque detection device.

2. Description of Related Art

In order to control a brushless motor used 1n an electric
power steering system, or the like, currents need to be con-
ducted through stator coils 1n accordance with the rotation
angle of a rotor. Then, there 1s known a rotation angle detec-
tion device that detects the rotation angle of a rotor of a
brushless motor using a detection rotor that rotates with rota-
tion of the brushless motor. Specifically, as shown 1n FI1G. 13,
a detection rotor 101 (hereinaftter, referred to as “rotor 101”)
includes a cylindrical magnet 102 having a plurality of mag-
netic pole pairs that correspond to magnetic pole pairs of a
rotor of a brushless motor. Two magnetic sensors 121 and 122
are arranged around the rotor 101 at a predetermined angular
interval about the rotation axis of the rotor 101. The magnetic
sensors 121 and 122 output sinusoidal signals having a pre-
determined phase difference. The rotation angle of the rotor
101 (the rotation angle of the rotor of the brushless motor) 1s
detected based on these two sinusoidal signals (see, for
example, Japanese Patent Application Publication No.
6-1097350 (JP 6-109750 A)).

In this example, the magnet 102 has five magnetic pole
pairs. That 1s, the magnet 102 has ten magnetic poles that are
arranged at equiangular intervals. The magnetic poles are
arranged at angular mtervals of 36° (180° 1n electric angle)
about the rotation axis of the rotor 101. In addition, the two
magnetic sensors 121 and 122 are arranged at an angular
interval of 18° (90° 1n electric angle) about the rotation axis of
the rotor 101.

The direction 1indicated by the arrow in FIG. 13 1s defined
as the forward rotation direction of the detection rotor 101.
Then, as the rotor 101 1s rotated 1n the forward direction, the
rotation angle of the rotor 101 increases, whereas, as the rotor
101 1s rotated 1n the reverse direction, the rotation angle of the
rotor 101 reduces. As shown 1n FI1G. 14, the magnetic sensors
121 and 122 respectively output sinusoidal signals V1 and
V2. During one period of each of the sinusoidal signals V1
and V2, the rotor 101 rotates an angle (72° (360° 1n electric
angle)) corresponding to a single magnetic pole patr.

The angular range of one rotation of the rotor 101 1s divided
into five sections corresponding to the five magnetic pole
pairs. The angle of the rotor 101, which 1s expressed on the
condition that the start position of each section 1s 0° and the
end position of each section 1s 360°, 1s termed the electric
angle Oe of the rotor 101. Here, the first magnetic sensor 121
outputs the output signal V1 (=A1l-sin O¢) and the second
magnetic sensor 122 outputs the output signal V2 (=A2-cos
Oe). Al and A2 are amplitudes. If the amplitudes A1 and A2 of
the respective output signals V1 and V2 are equal to each
other, the electric angle Oe of the rotor 101 may be obtained
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2

using both output signals V1 and V2 according to Equation 1
below.

Oe=tan! (sin Oe/cos Oe)

tan~! (V1/12) Equation 1

The thus obtained electric angle Oe¢ 1s used to control the
brushless motor.

In the above-described conventional rotation angle detec-
tion device, because the amplitudes of the output signals V1
and V2 of the respective magnetic sensors 121 and 122 fluc-
tuate from one magnetic pole to another due to, for example,
variations 1n magnetic force among magnetic poles, an error
may occur in detecting the rotation angle of the rotor 101.
Therefore, the output signals V1 and V2 of the respective
magnetic sensors 121 and 122 are corrected (the amplitudes
are corrected) such that the amplitudes of the output signals
V1 and V2 of the respective magnetic sensors 121 and 122 are
equal to each other based on the mechanical angle of the rotor
101, and then the electric angle O¢ of the rotor 101 1s com-
puted.

When magnetic force varies among the magnetic poles,
amplitude correction values used to correct the amplitudes of
the output signals V1 and V2 of the respective magnetic
sensors 121 and 122 by one period or half a period 1n the
clectric angle need to be changed. Therefore, to perform such
amplitude correction, 1t 1s necessary to identify the magnetic
poles sensed by the magnetic sensors 121 and 122. After the
rotor 101 rotates 360° in mechanical angle, 1t 1s possible to
identify the magnetic poles sensed by the magnetic sensors
121 and 122 based on the differences 1n peak value among the
magnetic poles. Therefore, 1t 1s possible to perform amplitude
correction based on the magnetic poles sensed by the mag-
netic sensors 121 and 122. However, immediately after start-
up of the brushless motor, 1t 1s not possible to identity the
magnetic poles sensed by the magnetic sensors 121 and 122.
Therefore, 1t 1s not possible to perform amplitude correction
based on the magnetic poles sensed by the magnetic sensors
121 and 122.

Note that a torque detection device used in an electric
power steering system, or the like, detects the torsional angle
of a torsion bar spring that couples an input shatt to an output
shaft to thereby compute a torque applied to the input shatt.
The torsional angle of the torsion bar spring becomes a value
corresponding to the difference between the rotation angle of
the input shait and the rotation angle o the output shaift. Then,
the rotation angle of the input shaft and the rotation angle of
the output shait are detected in a similar manner to that of the
conventional rotation angle detection device, and then a
torque applied to the mput shaft 1s computed based on the
difference between the detected rotation angle of the mput

shaft and the detected rotation angle of the output shatt.

SUMMARY OF THE INVENTION

It 1s an object of the invention to provide a rotation angle
detection device that is able to identify magnetic poles respec-
tively sensed by magnetic sensors 1n an early stage immedi-
ately after a rotor starts rotation, and a torque detection
device.

An aspect of the imnvention relates to a rotation angle detec-
tion device that detects a rotation angle of a rotor. The rotation
angle detection device includes: a multi-polar magnet that
rotates with rotation of the rotor, and that has at least one
magnetic pole pair having a first magnetic force and at least
one magnetic pole pair having a second magnetic force; a
plurality of magnetic sensors that respectively output sinu-
soidal output signals having a phase difference with rotation
of the multi-polar magnet; a peak value detecting unit that
detects peak values of output signals of the respective mag-
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netic sensors; and a magnetic pole pair identitying unit that
identifies one of the magnetic pole pairs, sensed by one of the
magnetic sensors, which serves as a reference magnetic sen-
sor, based on a combination of the peak values of the output
signals of the respective magnetic sensors, detected by the
peak value detecting unmit. The number of the magnetic pole
pairs, the number of the magnetic sensors, an arrangement
pattern of the at least one magnetic pole pair having the first
magnetic force and the at least one magnetic pole pair having
the second magnetic force and arrangement positions of the
magnetic sensors are set such that the combination of the peak
values of the output signals of the respective magnetic sensors
differs among the magnetic pole pairs sensed by the reference
magnetic sensor.

BRIEF DESCRIPTION OF THE DRAWINGS

Features, advantages, and technical and industrial signifi-
cance of exemplary embodiments of the mvention will be
described below with reference to the accompanying draw-
ings, i which like numerals denote like elements, and
wherein;

FIG. 1 1s a schematic view that shows the configuration of
a first embodiment 1n the case where the invention 1s applied
to a rotation angle detection device that detects the rotation
angle of a rotor of a brushless motor;

FI1G. 2 1s a schematic view that shows the configuration of
a detection rotor;

FIG. 3 1s a schematic view that shows the output signal
wavelorms of {irst, second and third magnetic sensors and the
magnetic pole sensed by the first magnetic sensor;

FI1G. 4 15 a chart that shows the details of a peak value table;

FI1G. 5 15 a flowchart that shows the procedure of the rota-
tion angle computing process executed by a rotation angle
computing device;

FIG. 6 1s a flowchart that shows the procedure of the pro-
cess of setting a relative pole number 1n step S3 of FIG. 5;

FIG. 7A to FIG. 7C are charts for illustrating the process of
setting a relative pole number;

FIG. 8 1s a schematic view that shows the configuration of
a second embodiment in the case where the invention 1is
applied to a torque detection device of a vehicle steering
system;

FI1G. 9 1s a schematic view that shows the configuration of
a first magnet;

FI1G. 10 1s a schematic view that shows the configuration of
a second magnet;

FI1G. 11 1s atflowchart that shows the procedure of arotation
angle computing process executed by a second rotation angle
computing unit;

FIG. 12 1s a schematic view that schematically shows the
relative positional relationship between regions 1 to VIII of
the first magnet and groups G1 to G4 of the second magnet in
the case where there 1s no torsion 1n a torsion bar spring;

FI1G. 13 15 a schematic view for illustrating a rotation angle
detecting method executed by a conventional rotation angle
detection device; and

FIG. 14 1s a schematic view that shows the output signal
wavelorm of a first magnetic sensor and the output signal
wavelorm ol a second magnetic sensor.

DETAILED DESCRIPTION OF EMBODIMENTS

Hereinafter, embodiments of the invention will be
described 1n detail with reference to the accompanying draw-
ings. FIG. 1 1s a schematic view that shows the configuration
of a first embodiment in the case where the invention 1is
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4

applied to a rotation angle detection device that detects the
rotation angle of a rotor of a brushless motor. The rotation
angle detection device includes a detection rotor (hereinafter,
simply referred to as “rotor 17”) that rotates with rotation of the
brushless motor 10. As shown 1n FIG. 2, the rotor 1 includes
a cylindrical magnet (multi-polar magnet) 2 having a plurality
of magnetic pole pairs that correspond to magnetic pole pairs
ol the rotor of the brushless motor 10.

Themagnet 2 has eight magnetic pole pairs M1 to M8. That
1s, the magnet 2 has sixteen magnetic poles m1 to m16 that are
arranged at equiangular intervals. The magnetic poles m1 to
m16 are arranged at angular intervals of 22.5° (180° 1n elec-
tric angle) about the rotation axis of the rotor 1. In this
embodiment, there are two types of the magnitude of mag-
netic force 1n the magnetic pole pairs, that 1s, a relatively large
first magnetic force and a second magnetic force that is
smaller than the first magnetic force. In this embodiment,
among the eight magnetic pole pairs M1 to M8, the magnetic
forces of the first, second, third and fifth magnetic pole pairs
M1, M2, M3 and MS are set at the second magnetic force
(weak magnetic force), and the magnetic forces of the fourth,
sixth, seventh and eighth magnetic pole pairs M4, M6, M7
and M8 are set at the first magnetic force (strong magnetic
force).

Three magnetic sensors 21, 22 and 23 are arranged around
the rotor 1. These three magnetic sensors 21, 22 and 23 may
also be respectively referred to as the first magnetic sensor 21,
the second magnetic sensor 22 and the third magnetic sensor
23. In FIG. 2, the second magnetic sensor 22 1s arranged at a
position spaced apart by 75° (600° 1n electric angle) from the
first magnetic sensor 21 1n the clockwise direction about the
rotation axis of the rotor 1. The third magnetic sensor 23 1s
arranged at a position spaced apart by 105° (840° 1n electric
angle) from the first magnetic sensor 21 1n the clockwise
direction about the rotation axis of the rotor 1.

In other words, the three magnetic sensors 21,22 and 23 are
arranged such that, when the first magnetic sensor 21 faces
the position at 0° in electric angle 1n the first magnetic pole
pair M1, the second magnetic sensor 22 faces the position at
240° 1n electric angle 1n the second magnetic pole pair M2 and
the third magnetic sensor 23 faces the position at 120° 1n
clectric angle 1n the third magnetic pole pair M3. Fach mag-
netic sensor may be, for example, a magnetic sensor that
includes an element of which the electrical characteristic
changes under the influence of amagnetic field, such as a Hall
clement and a magnetoresistive element (MR element).

The direction indicated by the arrow 1n FI1G. 2 1s defined as
the forward rotation direction of the rotor 1. Then, as the rotor
1 1s rotated 1n the forward direction, the rotation angle of the
rotor 1 increases; whereas, as the rotor 1 rotates in the reverse
direction, the rotation angle of the rotor 1 reduces. As shown
in FIG. 3, the magnetic sensors 21, 22 and 23 respectively
output sinusoidal signals V1, V2 and V3. During one period
of each of the sinusoidal signals V1, V2 and V3, the rotor 1
rotates an angle (45° (360° 1n electric angle)) corresponding
to a single magnetic pole patir.

FIG. 3 shows the output signals V1, V2 and V3 of the
respective magnetic sensors 21, 22 and 23 with respect to a
rotor angle (mechanical angle) in the case where the rotation
angle of the rotor 1 1s set at 0° when the boundary between the
magnetic pole pair M8 and magnetic pole pair M1 of the rotor
1 faces the first magnetic sensor 21. In addition, FIG. 3 shows
the magnetic pole pair and magnetic pole, among the mag-
netic pole pairs M1 to M8 and magnetic poles m1 to m16,
sensed by the first magnetic sensor 21 with respect to a rotor
angle, and shows the magnmitude of magnetic force of each of
the magnetic pole pairs M1 to MS.
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The angular range of one rotation of the rotor 1 1s divided
into eight sections corresponding to the eight magnetic pole
pairs M1 to M8, and then the angle of the rotor 1, which 1s
expressed on the condition that the start position of each
section 1s 0° and the end position of each section 1s 360°, 1s
termed the electric angle Oe of the rotor 1. Here, the first
magnetic sensor 21 outputs the output signal V1 (=A1-sin O¢)
for each section corresponding to one of the eight magnetic
pole pairs M1 to M8. In this case, the second magnetic sensor
22 outputs the output signal V2 (=A2-s1n(0e+600°))=A2-s1n
(0e+240°)) for each section corresponding to one of the e1ght
magnetic pole pairs M1 to M8. In addition, the third magnetic
sensor 23 outputs the output signal V3 (=A3-sin(0e+840°)=
A3-s1n(0e+120°)) for each section corresponding to one of
the eight magnetic pole pairs M1 to M8. Al, A2 and A3
respectively indicate amplitudes. Note that, the amplitudes
Al, A2 and A3 change according to the magnitude of mag-
netic force of each of the magnetic pole pairs M1 to M8.

Thus, the magnetic sensors 21, 22 and 23 respectively
output sinusoidal signals having a predetermined phase dii-
terence 120° (electric angle). The output signals V1, V2 and
V3 of the respective magnetic sensors 21, 22 and 23 may be
termed the first output signal V1, the second output signal V2
and the third output signal V3. Referring back to FIG. 1, the
output signals V1, V2 and V3 of the respective magnetic
sensors 21, 22 and 23 are input 1nto a rotation angle comput-
ing device 20. The rotation angle computing device 20 1den-
tifies the magnetic poles sensed by the magnetic sensors 21,
22 and 23 based on the output signals V1, V2 and V3 of the
respective magnetic sensors 21, 22 and 23. The rotation angle
computing device 20 corrects the amplitudes of the output
signals V1, V2 and V3 of the respective magnetic sensors 21,
22 and 23 based on the identified magnetic poles sensed by
the magnetic sensors 21, 22 and 23. Then, the rotation angle
computing device 20 computes the electric angle Oe and
mechanical angle Om of the rotor 1 based on the output signals
of which the amplitudes have been corrected.

The electric angle Oe and mechanical angle O0m computed
by the rotation angle computing device 20 are given to a
motor controller 30. The motor controller 30 uses the electric
angle O¢ and mechanical angle Om given from the rotation
angle computing device 20 to control the brushless motor 10.
The rotation angle computing device 20 1s, for example,
formed of a microcomputer, and includes a central processing
unit (CPU) and memories (a ROM, a RAM, a rewritable
nonvolatile memory, or the like). The nonvolatile memory of
the rotation angle computing device 20 stores a peak value
table for each of the magnetic sensors 21, 22 and 23.

FI1G. 4 1s a schematic view that shows the details of the peak
value table. The peak value table stores, for each of the mag-
netic pole numbers 1 to 16 of the respective magnetic poles
m1 to m16, the peak values (local maximum values or local
mimmum values) P1(1) to P1(16) of the output signal V1 of
the first magnetic sensor 21, corresponding to the respective
magnetic poles, the peak values (local maximum values or
local minimum values) P2(1) to P2(16) of the output signal
V2 of the second magnetic sensor 22, corresponding to the
respective magnetic poles, and the peak values (local maxi-
mum values or local minimum values) P3(1) to P3(16) of the
output signal V3 of the third magnetic sensor 23, correspond-
ing to the respective magnetic poles. Note that the magnetic
sensors 21, 22 and 23 have substantially the same character-
1stics, so the peak values of the output signals of the magnetic
sensors 21, 22 and 23 for the same magnetic poles are sub-
stantially the same.

The peak values are stored in the peak value table, for
example, before shipment of the brushless motor 10. The
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peak values stored in the amplitude correction peak value
table may be obtained from one-period data or may be
obtained from the mean values of multi-period data. FI1G. 5 1s
a flowchart that shows the procedure of rotation angle com-
puting process executed by the rotation angle computing
device 20.

The rotation angle computing process shown in FIG. 5 1s
repeatedly executed at predetermined computation intervals.
A relative number, allocated to each magnetic pole using the
magnetic pole sensed by the first magnetic sensor 21 at the
time of the start of rotation angle computing process as a
reference magnetic pole, 1s defined as a relative pole number.
The relative pole number of the magnetic pole sensed by the
first magnetic sensor 21 (hereinatfter, referred to as “first
relative pole number™) 1s denoted by a variable rl, the relative
pole number of the magnetic pole sensed by the second mag-
netic sensor 22 (hereinafter, referred to as “second relative
pole number™) 1s denoted by a variable r2, and the relative
pole number of the magnetic pole sensed by the third mag-
netic sensor 23 (heremafter, referred to as “third relative pole
number”) 1s denoted by a variable r3. Note that each of the
relative pole numbers rl, r2 and r3 1s an integer of from 1 to 16
the relative pole number smaller by one than 1 1s 16, and the
relative pole number larger by one than 16 1s 1.

In this embodiment, when the magnetic pole sensed by the
first magnetic sensor 21 at the time of the start of rotation
angle computing process (reference magnetic pole) 1s a north
pole, the relative pole number “1” 1s allocated to that mag-
netic pole. On the other hand, when the magnetic pole sensed
by the first magnetic sensor 21 at the time of the start of
rotation angle computing process (reference magnetic pole)
1s a south pole, the relative pole number “2” 1s allocated to that
magnetic pole.

In addition, the pole number of the magnetic pole sensed by
the first magnetic sensor 21 1s denoted by g1, the pole number
of the magnetic pole sensed by the second magnetic sensor 22
1s denoted by g2, and the pole number of the magnetic pole
sensed by the third magnetic sensor 23 1s denoted by 3. Note
that each of the pole numbers ql, g2 and g3 1s an integer of
from 1 to 16, the pole number smaller by one than 1 1s 16, and
the pole number larger by one than 16 1s 1. In addition, the
magnetic pole pair number of the magnetic pole pair sensed
by the first magnetic sensor 21 1s denoted by Q1. Note that the
magnetic pole pair number Q1 1s an integer of from 1 to 8, the
pole number smaller by one than 1 1s 8, and the pole number
larger by one than 8 1s 1.

When the rotation angle computing process 1s started, the
rotation angle computing device 20 reads the values of the
output signals V1, V2 and V3 of the respective magnetic
sensors 21, 22 and 23 (step S1). Note that the memory (for
example, RAM) of the rotation angle computing device 20
stores the output signal values that have been read so far since
the computation cycle that 1s multiple cycles before to the
current computation cycle.

In addition, i this embodiment, 1n order to detect the peak
value (local maximum value or local minimum value) of the
output signal V1, the output signal value of which the abso-
lute value 1s larger among the read values of the output signal
V1 1s saved 1n the memory as the peak value candidate of
output signal V1. Similarly, 1n order to detect the peak value
(local maximum value or local minimum value) of the output
signal V2, the output signal value of which the absolute value
1s larger among the read values of the output signal V2 is
saved 1n the memory as the peak value candidate of the output
signal V2. Similarly, in order to detect the peak value (local
maximum value or local minimum value) of the output value
V3, the output signal value of which the absolute value 1s
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larger among the read values of the output signal V3 1s saved
in the memory as the peak value candidate of the output signal
V3. Note that, when the zero-crossing of one of the output
signals has been detected, the corresponding peak value can-
didate 1s reset to zero at a predetermined timing as will be
described later.

As the values of the output signals V1, V2 and V3 are read
in step S1, the rotation angle computing device 20 determines
whether the current process 1s the first process after the start of
rotation angle computing process (step S2). When the current
process 1s the first process aiter the start of rotation angle
computing process (YES 1n step S2), the rotation angle com-
puting device 20 executes the process of setting a relative pole
number (step S3).

FIG. 6 shows the detailed procedure of the process of
setting a relative pole number. The rotation angle computing
device 20 mitially determines whether the value of the first
output signal V1 1s larger than O (step S21). When the value of
the first output signal V1 1s larger than O (YES 1n step S21),
the rotation angle computing device 20 determines that the
magnetic pole sensed by the first magnetic sensor 21 (refer-
ence magnetic pole) 1s a north pole, and then sets the first
relative pole number rl at 1 (step S24). Then, the process
proceeds to step S26.

On the other hand, when the value of the first output signal
V1 1s smaller than or equal to O (NO 1n step S21), the rotation
angle computing device 20 determines whether the value of
the first output signal V1 1s smaller than O (step S22). When
the value of the first output signal V1 1s smaller than 0 (YES
in step S22), the rotation angle computing device 20 deter-
mines that the magnetic pole sensed by the first magnetic
sensor 21 (reference magnetic pole) 1s a south pole, and then
sets the first relative pole number r1 at 2 (step S25). Then, the
process proceeds to step S26.

When 1t 1s determined 1n step S22 that the value of the first
output signal V1 1s larger than or equal to 0 (NO 1n step S22),
that 1s, when the value of the first output signal V1 1s 0, the
rotation angle computing device 20 determines whether the
value of the third output signal V3 1s larger than O 1n order to
determine whether the rotor rotation angle (electric angle) 1s
0° or 180° (step S23). When the value of the third output
signal V3 1s larger than O (YES 1n step S23), the rotation angle
computing device 20 determines that the rotor rotation angle
(electric angle) 1s 0°, and then sets the first relative pole
number rl at 1 (step S24). Then, the process proceeds to step
S26.

On the other hand, when the value of the third output signal
V3 is smaller than or equal to O (NO 1n step S23), the rotation
angle computing device 20 determines that the rotor rotation
angle (electric angle) 1s 180°, and then sets the first relative
pole number rl at 2 (step S25). Then, the process proceeds to
step S26. Note that the rotation angle computing device 20
may determine in step S23 whether the value of the second
output signal V2 1s smaller than O. In this case, when the value
ol the second output signal V2 1s smaller than 0, the rotation
angle computing device 20 causes the process to proceed to
step S24 and then sets the first relative polenumberrl at 1. On
the other hand, when the value of the second output signal V2
1s larger than or equal to O, the rotation angle computing
device 20 causes the process to proceed to step S25 and then
sets the first relative pole number r1 at 2.

In step S26, the rotation angle computing device 20 deter-
mines whether the condition “V1=0 and V2<0” or the condi-

tion “V1=0 and V2>0” 1s satisfied. When the above condition
1s satisiied (YES 1n step S26), the rotation angle computing
device 20 determines that the pole number of the magnetic
pole sensed by the second magnetic sensor 22 1s larger by
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three than the pole number of the magnetic pole sensed by the
first magnetic sensor 21, and sets the second relative pole
number r2 at a number that 1s larger by three than the first
relative pole number r1 (r2=r1+3) (step S27). Then, the pro-
cess proceeds to step S29.

On the other hand, when the condition of step S26 1s not
satisfied (NO 1n step S26), the rotation angle computing
device 20 determines that the pole number of the magnetic
pole sensed by the second magnetic sensor 22 1s larger by four
than the pole number of the magnetic pole sensed by the first
magnetic sensor 21, and then sets the second relative pole
number r2 at a number that 1s larger by four than the first
relative pole number r1 (r2=r1+4) (step S28). Then, the pro-
cess proceeds to step S29.

In step S29, the rotation angle computing device 20 deter-
mines whether the condition “V1>0 and V3=0” or the condi-
tion “V1<0 and V3=0" 1s satisfied. When the above condition
1s satisfied (YES 1n step S29), the rotation angle computing
device 20 determines that the pole number of the magnetic
pole sensed by the third magnetic sensor 23 is larger by five
than the pole number of the magnetic pole sensed by the first
magnetic sensor 21, and then sets the third relative pole num-
ber r3 at a number that 1s larger by five than the first relative
pole number r1 (r3=r1+5) (step S30). Then, the process
returns to step S12 of FIG. 3.

On the other hand, the condition of step S29 1s not satisfied
(NO 1n step S29), the rotation angle computing device 20
determines that the pole number of the magnetic pole sensed
by the third magnetic sensor 23 1s larger by four than the pole
number of the magnetic pole sensed by the first magnetic
sensor 21, and then sets the third relative pole number r3 at a
number that 1s larger by four than the first relative pole num-
ber rl (r3=r1+4) (step S31). Then, the process returns to step
S12 of FIG. S.

The reason why the second relative pole number r2 1s set at
a number that 1s larger by three than the first relative pole
number r1 (r2=r1+3) when the condition of step S26 1s satis-
fied and the second relative pole number 12 1s set at a number
that 1s larger by four than the first relative pole number rl
(r2=r1+4) when the condition of step S26 1s not satisfied will
be described. In addition, the reason why the third relative
pole number r3 1s set at a number that 1s larger by five than the
first relative pole number rl (r3=r1+5) when the condition of
step S29 15 satisfied and the third relative pole number r3 1s set
at a number that 1s larger by four than the first relative pole
number rl (r3=r1+4) when the condition of S29 1s not satis-
fied will be described.

For example, FIG. 7A to FIG. 7C schematically show the
signal wavetorms of the output signals V1, V2 and V3 of the
respective first, second and third magnetic sensors 21, 22 and
23 at the time when the magnetic pole pair M1 formed of the
magnetic pole m1 and magnetic pole m2 of the rotor 1 passes
the first magnetic sensor 21. In FIG. 7A and FI1G. 7B, S1 and
S2 indicate the regions 1n which the first magnetic sensor 21
senses the magnetic pole m1 and the second magnetic sensor
22 senses the magnetic pole m4. S3 indicates the region 1n
which the first magnetic sensor 21 senses the magnetic pole
m1 and the second magnetic sensor 22 senses the magnetic
pole m5. S4 and S5 indicate the regions 1 which the first
magnetic sensor 21 senses the magnetic pole m2 and the
second magnetic sensor 22 senses the magnetic pole mS. S6
indicates the region 1 which the first magnetic sensor 21
senses the magnetic pole m2 and the second magnetic sensor
22 senses the magnetic pole mé6.

That 1s, 1n the regions S1, S2, S4 and S5, the pole number
of the magnetic pole sensed by the second magnetic sensor 22
1s larger by three than the pole number of the magnetic pole
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sensed by the first magnetic sensor 21. On the other hand, 1n
the regions S3 and S6, the pole number of the magnetic pole
sensed by the second magnetic sensor 22 1s larger by four than
the pole number of the magnetic pole sensed by the first
magnetic sensor 21. In the regions S1 and S2, the values of the
output signals V1 and V2 satisty the first condition that V1z0
and V2<0. In theregion S3, the values of the output signals V1
and V2 satisty the second condition that V1>0 and V2=z0. In
the regions S4 and S5, the values of the output signals V1 and
V2 satisty the third condition that V1=0 and V2>0. In the
region S6, the values of the output signals V1 and V2 satisty
the fourth condition that V1<0 and V2<=0.

Then, the rotation angle computing device 20 determines
that the pole number of the magnetic pole sensed by the
second magnetic sensor 22 1s larger by three than the pole
number of the magnetic pole sensed by the first magnetic
sensor 21 when the first condition (V1z0 and V2<0) or the
third condition (V1=0 and V2>0) 1s satisfied, and determines
that the pole number of the magnetic pole sensed by the
second magnetic sensor 22 1s larger by four than the pole
number of the magnetic pole sensed by the first magnetic
sensor 21 when neither the first condition nor the third con-
dition 1s satisfied.

Inaddition, in F1G. 7A and FIG. 7C, S1 indicates the region
in which the first magnetic sensor 21 senses the magnetic pole
m1 and the third magnetic sensor 23 senses the magnetic pole
m5. S2 and S3 mdicate the regions 1n which the first magnetic
sensor 21 senses the magnetic pole m1 and the third magnetic
sensor 23 senses the magnetic pole m6. S4 indicates the
region 1n which the first magnetic sensor 21 senses the mag-
netic pole m2 and the third magnetic sensor 23 senses the
magnetic pole mé6. S5 and S6 indicate the regions 1n which the
first magnetic sensor 21 senses the magnetic pole m2 and the
third magnetic sensor 23 senses the magnetic pole m7.

That 1s, 1n the regions S1 and S4, the pole number of the
magnetic pole sensed by the third magnetic sensor 23 1s larger
by four than the pole number of the magnetic pole sensed by
the first magnetic sensor 21. On the other hand, 1n the regions
S2, S3, S5 and S6, the pole number of the magnetic pole
sensed by the second magnetic sensor 22 1s larger by five than
the pole number of the magnetic pole sensed by the first
magnetic sensor 21. In the region S1, the values of the output
signals V1 and V3 satisiy the first condition that V1=0 and
V3>0. In the regions S2 and S3, the values of the output
signals V1 and V3 satisty the second condition that V1>0 and
V3=0. In the region S4, the values of the output signals 1 and
V3 satisty the third condition that V1=0 and V3<0. In the
regions S5 and S6, the values of the output signals 1 and V3
satisty the fourth condition that V1<0 and V3=0.

Then, the rotation angle computing device 20 determines
that the pole number of the magnetic pole sensed by the third
magnetic sensor 23 1s larger by five than the pole number of
the magnetic pole sensed by the first magnetic sensor 21 when
the second condition (V 1>0 and V3=0) or the fourth condi-
tion (V1<0 and V3=z0) 1s satisfied, and determines that the
pole number of the magnetic pole sensed by the third mag-
netic sensor 23 1s larger by four than the pole number of the
magnetic pole sensed by the first magnetic sensor 21 when
neither the second condition nor the fourth condition is sat-
1sfied.

Referring back to FIG. 5, when it 1s determined in step S2
that the current process 1s not the first process after the start of
rotation angle computing process (NO 1n step S2), the process
proceeds to step S4. In step S4, the rotation angle computing,
device 20 determines whether the zero-crossing, at which the
sign of the value of an output signal 1s 1nverted, has been
detected for each of the output signals V1, V2 and V3 based
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on the values of the output signals V1,V2 and V3 stored in the
memory. When no zero-crossing has been detected (NO 1n
step S4), the rotation angle computing device 20 causes the
process to proceed to step S12.

When the zero-crossing of one of the output signals V1, V2
and V3 has been detected 1n step S4 (YES 1n step S4), the
rotation angle computing device 20 executes the pole number
identifying process of step S10 (described later) to determine
whether the magnetic poles respectively sensed by the mag-
netic sensors 21, 22 and 23 have been already identified (step
S5). When the magnetic poles respectively detected by the
magnetic sensors 21, 22 and 23 have not been 1dentified, the
rotation angle computing device 20 executes the process of
updating a relative pole number (step S6). Specifically, the
rotation angle computing device 20 changes the relative pole
numberrl, r2 orr3 that 1s currently set for the magnetic sensor
that output the output signal for which the zero-crossing has
been detected 1n step S4, to a number larger by one or a
number smaller by one based on the rotation direction of the
rotor 1.

When the rotation direction of the rotor 1 1s the forward
direction (direction indicated by the arrow 1n FIG. 2), the
rotation angle computing device 20 updates the relative pole
number rl, r2 or r3, currently set for the magnetic sensor that
outputs the output signal for which the zero-crossing has been
detected 1n step S4, to a number larger by one. On the other
hand, when the rotation direction of the rotor 1 is the reverse
direction, the rotation angle computing device 20 updates the
relative pole numberrl, r2 orr3, currently set for the magnetic
sensor that outputs the output signal for which the zero-
crossing has been detected, to a number smaller by one. Note
that, as described above, the relative pole number smaller by
one than the relative pole number *“17 15 “16”. In addition, the
relative pole number larger by one than the relative pole
number “16” 1s “17.

Note that the rotation direction of the rotor 1 1s determined
based on the immediately preceding value and current value
of the output signal for which the zero-crossing has been
detected and the current value of one of the other two output
signals. Specifically, when the output signal for which the
zero-crossing has been detected 1s the first output signal V1, 1t
1s determined that the rotation direction 1s the forward direc-
tion (direction indicated by the arrow in FIG. 2) when the
condition that “the immediately preceding value of the first
output signal V1 1s larger than O, the current value of the first
output signal V1 1s smaller than or equal to 0 and the current
value of the third output signal V3 1s smaller than O (or the
current value of the second output signal V2 1s larger than 0)”
or the condition that “the immediately preceding value of the
first output signal V1 is smaller than 0, the current value of the
first output signal V1 1s larger than or equal to 0 and the
current value of the third output signal V3 1s larger than O (or
the current value of the second output signal V2 1s smaller
than 0)” 1s satisfied.

On the other hand, 1t 1s determined that the rotation direc-
tion 1s the reverse direction when the condition that “the
immediately preceding value of the first output signal V1 1s
larger than or equal to 0, the current value of the first output
signal V1 1s smaller than O and the current value of the third
output signal V3 1s larger than O (or the current value of the
second output signal V2 1s smaller than 0)” or the condition
that “the immediately preceding value of the first output
signal V1 1s smaller than or equal to 0, the current value of the
first output signal V1 1s larger than 0 and the current value of
the third output signal V3 1s smaller than O (or the current
value of the second output signal V2 1s larger than 0)” 1s
satisfied.
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When the output signal for which the zero-crossing has
been detected 1s the second output signal V2, 1t 1s determined
that the rotation direction 1s the forward direction (direction
indicated by the arrow 1in FIG. 2) when the condition that “the
immediately preceding value of the second output signal V2
1s larger than O, the current value of the second output signal
V2 1s smaller than or equal to 0 and the current value of the

first output signal V1 1s smaller than O (or the current value of
the third output signal V3 1s larger than 0)” or the condition

that “the immediately preceding value of the second output
signal V2 1s smaller than 0, the current value of the second
output signal V2 is larger than or equal to 0 and the current
value of the first output signal V1 1s larger than O (or the
current value of the third output signal V3 1s smaller than 0)”
1s satisfied. On the other hand, 1t 1s determined that the rota-
tion direction 1s the reverse direction when the condition that
“the immediately preceding value of the second output signal
V2 1s larger than or equal to 0, the current value of the second
output signal V2 1s smaller than 0 and the current value of the
first output signal V1 1s larger than O (or the current value of
the third output signal V3 1s smaller than 0)” or the condition
that “the immediately preceding value of the second output
signal V2 1s smaller than or equal to 0, the current value of the
second output signal V2 1s larger than O and the current value
of the first output signal V1 1s smaller than O (or the current
value of the third output signal V3 1s larger than 0)” 1s satis-
fied.

When the output signal for which the zero-crossing has
been detected 1s the third output signal V3, it 1s determined
that the rotation direction 1s the forward direction (direction
indicated by the arrow 1n FIG. 2) when the condition that “the
immediately preceding value of the third output signal V3 1s
larger than 0, the current value of the third output signal V3 1s
smaller than or equal to 0 and the current value of the first
output signal V1 1s larger than O (or the current value of the
second output signal V2 1s smaller than 0)” or the condition
that “the i1mmediately preceding value of the third output
signal V3 1s smaller than 0, the current value of the third
output signal V3 1s larger than or equal to O and the current
value of the first output signal V1 1s smaller than O (or the
current value of the second output signal V2 1s larger than 0)”
1s satisfied. On the other hand, 1t 1s determined that the rota-
tion direction 1s the reverse direction when the condition that
“the immediately preceding value of the third output signal
V3 i1s larger than or equal to O, the current value of the third
output signal V3 1s smaller than 0 and the current value of the
first output signal V1 1s smaller than O (or the current value of
the second output signal V2 1s larger than 0)” or the condition
that “the i1mmediately preceding value of the third output
signal V3 1s smaller than or equal to 0, the current value of the
third output s1ignal V3 1s larger than 0 and the current value of
the first output signal V1 1s larger than O (or the current value
of the second output signal V2 1s smaller than 0)”.

When the process of updating a relative pole number in
step S6 ends, the rotation angle computing device 20 executes
peak value detecting process (step S7). The peak value detect-
ing process will be specifically described. The magnetic sen-
sor that corresponds to the output signal for which the zero-
crossing has been detected in step S4 1s defined as a peak
value detection magnetic sensor. The rotation angle comput-
ing device 20 1nitially determines whether the magnetic pole
sensed by the peak value detection magnetic sensor has
changed. That 1s, the rotation angle computing device 20
determines whether the position of the magnetic pole sensed
by the peak value detection magnetic sensor at the time point
when the zero-crossing of the output signal of the magnetic
sensor has been detected in the immediately preceding cycle
and the position of the magnetic pole sensed by the peak value
detection magnetic sensor at the time point when the zero-
crossing has been detected in the current cycle are different or
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the same. When the rotation direction of the rotor 1 1s
inverted, the positions of the magnetic poles at both the time
points may be the same.

This determination may be, for example, made based on
whether the rotation direction of the rotor 1 when the previous

zero-crossing has been detected 1s the same as the current
rotation direction of the rotor 1. That 1s, when the rotation

direction of the rotor 1 1s the same, the rotation angle com-
puting device 20 determines that the magnetic pole sensed by
the peak value detection magnetic sensor has changed. On the
other hand, when the rotation direction of the rotor 1 1s dif-
terent, the rotation angle computing device 20 determines
that the magnetic pole sensed by the peak value detection
magnetic sensor has not changed.

When 1t 1s determined that the magnetic pole sensed by the
peak value detection magnetic sensor has changed, the rota-
tion angle computing device 20 determines that a peak value
has been detected, and then 1dentifies the peak value candi-
date corresponding to that magnetic sensor as the peak value.
On the other hand, when 1t 1s determined that the magnetic
pole sensed by the peak value detection magnetic sensor has
not changed, the rotation angle computing device 20 deter-
mines that no peak value has been detected. Note that the peak
value includes a local maximum value that 1s larger than O and
a local minimum value that 1s smaller than 0. In this embodi-
ment, the magnetic pole pair sensed by the first magnetic
sensor 21 1s 1dentified based on the local maximum value of
the peak value. In the following description, the local maxi-
mum values of the first output signal V1, second output signal
V2 and third output signal V3 detected in the peak value
detecting process are respectively denoted by P1, P2 and P3
where appropriate.

When no local maximum value has been detected in the
peak value detecting process (NO 1n step S8), the rotation
angle computing device 20 resets the peak value candidate,
corresponding to the output signal for which the zero-cross-
ing has been detected 1n step S4, to 0 and then causes the
process to proceed to step S12. On the other hand, when a
local maximum value has been detected in the peak value
detecting process (YES 1n step S8), the local maximum value
1s stored as a local maximum value P1, P2 or P3 correspond-
ing to the output signal for which the zero-crossing has been
detected 1n step S4 (step S9). Then, the rotation angle com-
puting device 20 resets the peak value candidate, correspond-
ing to the output signal for which the zero-crossing has been
detected in step S4, to O and then causes the process to
proceed to step S10.

In step S10, the rotation angle computing device 20
executes pole number 1dentifying process (magnetic pole pair
identifying process). The concept of the pole number 1dent-
tying process will be described with reference to FIG. 3. As
shown 1n FIG. 3, a threshold A (A>0) 1s set at the midpoint
between the peak values (local maximum values) of the out-
put signals V1, V2 and V3 for the north magnetic poles ml,
m3, mS and m9 in the magnetic pole pairs M1, M2, M3 and
M35 having a weak magnetic force and the peak values (local
maximum values) of the output signals V1, V2 and V3 for the
north magnetic poles m7, m11, m13 and m15 1n the magnetic
pole pairs M4, M6, M7 and M8 having a strong magnetic
force.

As 1s apparent from FIG. 3, the combination of the local
maximum values of the three output signals V1, V2 and V3 1s
different among the magnetic pole pairs M1 to M8 sensed by
the first magnetic sensor 21. Thus, it 1s possible to 1dentify the
magnetic pole pair sensed by the first magnetic sensor 21
based on the combination of the local maximum values P1, P2
and P3 of the three output signals V1, V2 and V3. In addition,
it 1s possible to 1dentily the magnetic pole sensed by the first
magnetic sensor 21 based on the timing at which the magnetic
pole pair sensed by the first magnetic sensor 21 1s 1dentified.
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Then, 1t 1s possible to 1dentily the magnetic poles respectively
sensed by the second and third magnetic sensors 22 and 23
based on the magnetic pole sensed by the first magnetic
sensor 21.

The relationship between the magnetic pole pairs M1 to
M8 sensed by the first magnetic sensor 21 and combinations

of the local maximum values P1, P2 and P3 of the three output
signals V1, V2 and V3 1s shown 1n Table 1.

M7

TABLE 1
M1 M2 M3 M4 M5 M6
Pl P1<A PI<A PI<A Pl>A PI<A PI>A Pl>A
P2 P2<A P2<A P2>A P2<A P2>A P2>A P2>A
P3 P3<A P3>A P3<A P3>A P3>A P3>A P3<A

Note that, when the rotor 1 1s rotating in the forward direc-
tion, the timing at which the magnetic pole pair sensed by the
first magnetic sensor 21 1s identified 1s the timing at which the
zero-crossing of the third output signal V3 1s detected for the
first time after the magnetic pole pair sensed by the first
magnetic sensor 21 1s changed (hereinaiter, referred to as
“first magnetic pole pair 1dentification timing”). Thus, the
magnetic pole pair identified based on the details of Table 1 at
the first magnetic pole pair identification timing 1s the mag-
netic pole pair that has been sensed by the first magnetic
sensor 21 until just before. Therefore, the magnetic pole pair
sensed by the first magnetic sensor 21 at the first magnetic
pole pair 1dentification timing 1s the magnetic pole pair that
has a magnetic pole pair number larger by one than the mag-
netic pole pair 1dentified based on the details of Table 1. In
addition, the magnetic pole sensed by the first magnetic sen-
sor 21 at the first magnetic pole pair identification timing 1s a
magnetic pole having a north pole between the two magnetic
poles of the magnetic pole pair sensed by the first magnetic
sensor 21 at the first magnetic pole pair identification timing.

On the other hand, when the rotor 1 1s rotating in the reverse
direction, the timing at which the magnetic pole pair sensed
by the first magnetic sensor 21 1s 1dentified 1s the timing at
which the zero-crossing of the first output signal V1 1s
detected immediately after the magnetic pole pair sensed by
the first magnetic sensor 21 1s changed (hereinafter, referred
to as “second magnetic pole pair i1dentification timing”).
Thus, the magnetic pole pair identified based on the details of
Table 1 at the second magnetic pole pair identification timing
1s the magnetic pole pair that has been sensed by the first
magnetic sensor 21 until just before. Therelore, the magnetic
pole pair sensed by the first magnetic sensor 21 at the second
magnetic pole pair identification timing 1s the magnetic pole
pair that has a magnetic pole pair number smaller by one than
the magnetic pole pair identified based on the details of Table
1. In addition, the magnetic pole sensed by the first magnetic
sensor 21 at the second magnetic pole pair i1dentification
timing 1s a magnetic pole having a south pole between the two
magnetic poles of the magnetic pole pair sensed by the first
magnetic sensor 21 at the second magnetic pole pair 1denti-
fication timing.

Hereinafter, the pole number identifying process will be
more specifically described. The pole number identifying
process 1s executed only when one of the following first
condition and second condition 1s satisfied in the case where

the local maximum values of the three output signals V1, V2
and V3 have been already detected (stored).

First Condition The rotation direction of the rotor 1 1s the
torward direction and the output signal for which the zero-
crossing has been detected 1n step S4 1s the third output signal
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Second Condition: The rotation direction of the rotor 1 1s the
reverse direction and the output signal for which the zero-
crossing has been detected 1n step S4 1s the first output signal
V1.

The first condition 1s used to determine whether the present
time point 1s the first magnetic pole pair identification timing.
When the first condition 1s satisfied, 1t 1s determined that the
present time point 1s the first magnetic pole pair identification

M¥

Pl1>A
P2 <A
P3 <A

timing. The second condition 1s used to determine whether
the present time point 1s the second magnetic pole pair 1den-
tification timing. When the second condition 1s satisfied, 1t 1s
determined that the present time point 1s the second magnetic
pole pair 1dentification timing.

When the first condition 1s satisfied, the rotation angle
computing device 20 identifies the magnetic pole pair number
Q1' of the magnetic pole pair, which has been sensed by the
first magnetic sensor 21 until just before, based on the rela-
tionship between the magnetic pole pairs M1 to M8 and the
combinations of the three local maximum values P1, P2 and
P3, shown 1n Table 1, and the combination of the detected
latest local maximum values P1, P2 and P3 of the output
signals V1, V2 and V3. Then, the magnetic pole pair number
that 1s larger by one than the magnetic pole pair number Q1"
1s 1dentified as the magnetic pole pair number Q1 (=Q1'+1) of
the magnetic pole pair that 1s currently sensed by the first
magnetic sensor 21.

Subsequently, the rotation angle computing device 20
1identifies the pole number gl of the magnetic pole, currently
sensed by the first magnetic sensor 21, based on q1=2-Q1-1.
In addition, the rotation angle computing device 20 identifies
the pole number g2 of the magnetic pole, sensed by the
second magnetic sensor 22, based on the pole number gl of
the magnetic pole sensed by the first magnetic sensor 21 and
the first and second relative pole numbers rl and r2. Specifi-
cally, the rotation angle computing device 20 i1dentifies the
pole number g2 of the magnetic pole, sensed by the second
magnetic sensor 22, based on q2=(ql-rl)+r2.

Furthermore, the rotation angle computing device 20 1den-
tifies the pole number g3 of the magnetic pole, sensed by the
third magnetic sensor 23, based on the pole number gl of the
magnetic pole sensed by the first magnetic sensor 21 and the
first and third relative pole numbers r1 and r3. Specifically, the
rotation angle computing device 20 1dentifies the pole number
g3 of the magnetic pole, sensed by the third magnetic sensor
23, based on q3=(ql1-r1)+r3. Then, the process proceeds to
step S12.

On the other hand, when the second condition 1s satisfied,
the rotation angle computing device 20 i1dentifies the mag-
netic pole pair number Q1' of the magnetic pole pair, which
has been sensed by the first magnetic sensor 21 until just
betore, based on the relationship between the magnetic pole
pairs M1 to M8 and the combinations of the three local
maximum values P1, P2 and P3, shown 1n Table 1, and the
combination of the detected latest local maximum values P1,
P2 and P3 of the output signals V1, V2 and V3. Then, the
magnetic pole pair number that 1s smaller by one than the
magnetic pole pair number Q1' 1s 1dentified as the magnetic
pole pair number Q1 (=Q1'-1) of the magnetic pole pair that
1s currently sensed by the first magnetic sensor 21.

Subsequently, the rotation angle computing device 20
identifies the pole number gl of the magnetic pole, currently
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sensed by the first magnetic sensor 21, based on q1=2-Q1. In
addition, the rotation angle computing device 20 identifies the
pole number g2 of the magnetic pole, sensed by the second
magnetic sensor 22, based on q2=(ql-rl)+r2. Furthermore,
the rotation angle computing device 20 identifies the pole
number g3 of the magnetic pole, sensed by the third magnetic
sensor 23, based on g3 (ql-r1)+r3. Then, the process pro-

ceeds to step S12.
Note that, when 1t 1s determined 1n step S10 that the local

maximum values P1, P2 and P3 of the three output signals V1,
V2 and V3 have not been detected (stored) or when 1t 1s
determined that neither the first condition nor the second
condition 1s satisfied even when the local maximum values
P1, P2 and P3 of the three output signals V1, V2 and V3 have
been detected, the rotation angle computing device 20 causes
the process to proceed to step S12 without executing the
above described pole number 1dentifying process.

When 1t 1s determined 1n step S5 that the magnetic poles
respectively sensed by the magnetic sensors 21, 22 and 23
have been already identified (YES in step S5), the rotation
angle computing device 20 resets the peak value candidate
corresponding to the output signal for which the zero-cross-
ing has been detected 1n step S4 to 0 and then executes the
process of updating a pole number (step S11). Specifically,
the rotation angle computing device 20 changes the pole
number ql, g2 or g3 that has been already 1dentified for the
magnetic sensor that outputs the output signal for which the
zero-crossing has been detected 1n step S4, to a pole number
that 1s larger by one or a pole number that 1s smaller by one
based on the rotation direction of the rotor 1.

When the rotation direction of the rotor 1 is the forward
direction, the rotation angle computing device 20 updates the
pole number ql, g2 or g3 that has been already 1dentified for
the magnetic sensor that outputs the output signal for which
the zero-crossing has been detected, to a pole number larger
by one. On the other hand, when the rotation direction of the
rotor 1 1s the reverse dlrectlon the rotation angle computing
device 20 updates the pole number g1, g2 or g3 that has been
already 1dentified for the magnetic sensor that outputs the
output signal for which the zero-crossing has been detected,
to a pole number smaller by one. Note that, the pole number
smaller by one than the pole number “17 1s “16”. In addition,
the pole number larger by one than the pole number “16” 1s
“1”. When the process of updating a pole number 1n step S11
ends, the rotation angle computing device 20 causes the pro-
cess to proceed to step S12.

In step S12, the rotation angle computing device 20
executes the amplitude correction process. That 1s, when the
pole numbers g1, g2 and g3 of the magnetic poles respectively
sensed by the magnetic sensors 21, 22 and 23 have been
identified, the rotation angle computing device 20 corrects the
amplitudes of the output signals V1, V2 and V3 of the respec-
tive magnetic sensors 21, 22 and 23. On the other hand, when
the pole numbers g1, g2 and g3 of the magnetic poles respec-
tively sensed by the magnetic sensors 21, 22 and 23 have not
been 1dentified, the rotation angle computing device 20
causes the process to proceed to step S13 without executing
the amplitude correction process.

When the pole numbers g1, g2 and g3 of the magnetic poles
respectively sensed by the magnetic sensors 21, 22 and 23
have been 1dentified, the rotation angle computing device 20
acquires the peak value of the first output signal V1 corre-
sponding to the pole number gl of the magnetic pole sensed
by the first magnetic sensor 21, the peak value of the second
output signal V2 corresponding to the pole number g2 of the
magnetic pole sensed by the second magnetic sensor 22 and
the peak value of the third output signal V3 corresponding to
the pole number g3 of the magnetic pole sensed by the third
magnetic sensor 23, from the peak value table (see FIG. 4).
The peak values of the first, second and third output signals
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V1, V2 and V3, acquired from the peak value table, are
respectively denoted by Plx, P2x and P3x. Then, the ampli-
tudes of the output signals V1, V2 and V3 are corrected based
on the acquired peak values (amplitude correction values)
Plx, P2x and P3x and a preset reference amplitude ¢.
Specifically, when signals obtained by correcting the
amplitudes of the first, second and third output signals V1, V2
and V3 are respectively denoted by V1', V2' and V3, the
corrected first, second and third output signals V1', V2' and
V3' are respectively computed based on Equations 2, 3 and 4

below.
V1'=(V1/Plx)x¢ Equation 2
V2'=(V2/P2x)x¢ Equation 3
V3'=(V3/P3x)x¢ Equation 4

When the amplitude correction process ends, the rotation
angle computing device 20 causes the process to proceed to
step S13. In step S13, the rotation angle computing device 20
computes the electric angle O¢ based on the output signals
V1', V2'and V3' of which the amplitudes are corrected 1n step
S12 (corrected output signals V1', V2' and V3'). However,
when no amplitude correction 1s performed 1n step S12, the
clectric angle Oe 1s computed based on the values of the output
signals V1, V2 and V3 read 1n step S1.

Hereinatter, the case where the electric angle Oe 1s com-
puted based on the corrected output signals V1', V2' and V3
will be described. Note that, when the electric angle Oe 1s
computed based on the values of the output signals V1, V2
and V3 read 1n step S1, the values of the output signals V1, V2
and V3 are used 1n place of the corrected output signals V1',
V2'and V3', so the description thereof 1s omitted.

The rotation angle computing device 20 computes the first
clectric angle Oel corresponding to the rotation angle of the
rotor 1 based on the corrected first output signal V1' and the
corrected third output signal V3'. In addition, the rotation
angle computing device 20 computes the second electric
angle 0e2 corresponding to the rotation angle of the rotor 1
based onthe corrected first output signal V1' and the corrected
second output signal V2'. In addition, the rotation angle com-
puting device 20 computes the third electric angle 0Oe3 corre-
sponding to the rotation angle of the rotor 1 based on the
corrected second output signal V2' and the corrected third
output signal V3'. A method of computing the first, second
and third electric angles Oel, 0e2 and 0e3 will be described
later.

Then, the rotation angle computing device 20, for example,
computes the final electric angle Oe based on Equation 5. That
1s, the rotation angle computing device 20 computes the mean
value of the first, second and third electric angles Oel, 0e2 and
0e3 as the final electric angle Oe.

Oe=(0el+0e2+0e3)/3 Equation 5

Note that the rotation angle computing device 20 may com-
pute the median value of the first, second and third electric
angles Oel, Oe2 and 0e3 as the final electric angle Oe. In
addition, the rotation angle computing device 20 may exclude
one of the first, second and third electric angles Oel, Be2 and
Oe3, which 1s more deviated from the median value thereot
than the other, and compute the mean value of the two values
other than the excluded one as the final electric angle Oe.
Furthermore, the rotation angle computing device 20 may
determine one of the first, second and third electric angles
Oel, Oe2 and 0e3 as the final electric angle Oe.

A method of computing the first electric angle Oel will be
described. Because the reference amplitude is ¢, the corrected
first output signal 1s expressed by ¢-sin Oe, the corrected
second output signal V2'is expressed by ¢-sin(0e+240°), and
the corrected third output signal V3' 1s expressed by ¢-sin
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(0e+120°). Here, for the sake of convenience of description,
the reference amplitude ¢ 1s 1, and the corrected first output
signal V1', the corrected second output signal V2' and the

corrected third output signal V3' are respectively expressed
by V1'=sin O¢, V2'=s1in(0e+240°) and V3'=sin(0e+120°).

The rotation angle computing device 20 mnitially computes
a signal V,,' (=sin(0e+90°)=cos O¢), of which the phase dii-
terence from the corrected first output signal V1'1s 90°, based
on the corrected first output signal V1' (=sin O¢) and the
corrected third output signal V3' (=sin(0e+120°). More spe-
cifically, the rotation angle computing device 20 computes
the signal V, ;' based on Equation 6 below.

(6)

'F —
V|3 =cosfle

sin{fe + 120°) — sinfe - cos120°

sinl20°

V3" = V1 -cosl120°
B sinl20°
2V VI

V3

Equation 6 1s derived based on the equation expanded from
sin(0e+120°) by the addition theorem of trigonometric func-
tion. Then, the rotation angle computing device 20 computes
the first electric angle Oel using the signal V' (cos Oe) and
the corrected first output signal VP (=sin O¢) based on Equa-
tion 7 below.

(7)

001 — tan-] sinfe

cosfe

A method of computing the second electric angle Oe2 will
be described. The rotation angle computing device 20 1ni-
tially generates a signal V' (=sin(0e+90°)=cos O¢), of which
the phase difference from the corrected first output signal V1'
1s 90°, based on the corrected first output signal V1' (=sin O¢)
and the corrected second output signal V2' (=sin(0e+240°)).
More specifically, the rotation angle computing device 20
generates the signal V' based on Equation 8 below.

(8)

V], =cosfe

sin{fe + 240°) — sinfe - cos240°

sin240°

V2" — V1. cos240°
- sin240°
2.V — VI

V3

Equation 8 1s dertved based on the equation expanded from
sin(0e+240°) by the addition theorem of trigonometric func-
tion. Then, the rotation angle computing device 20 computes
the second electric angle Oe2 using the signal V' (=cos Oe)
and the corrected first output signal V1' (=sin Oe¢) based on
Equation 9 below.

(2)

007 — -] sinfe

cosfe
: V1’
Via

= tan

A method of computing the third electric angle 0e3 will be
described. The rotation angle computing device 20 mitially
computes the electric angle 0e3' (=0e+120°), which 1s
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advanced by 120° with respect to the rotation angle (electric
angle) Oe of the rotor 1, based on the corrected second output
signal V2' and the corrected third output signal V3'. Then, the
third electric angle 0¢3 1s computed by subtracting 120° from
the obtained rotation angle Oe3'.

The rotation angle computing device 20 generates a signal
V.3 (=smn(0e+120°+90°)), of which the phase difference
from the corrected third output signal V3'1s 90°, based on the
corrected third output signal V3' (=sin(0e+120°)) and the
corrected second output signal V2' (=sin(0e+240°)). Where
Oc'=0e+120°, the corrected third output signal V3' 1s
expressed by the sinusoidal signal sin O¢' and the corrected
second output signal V2'1s expressed by the sinusoidal signal
sin(0e+120°) of which the phase difference 1s advanced by
120° from the sinusoidal signal sin O¢', the signal V,,' (=sin
(0e'+90°)=cos 0¢') of which the phase difference from the
sinusoidal signal sin 0¢' 1s 90° 1s obtained as 1n the case of the
method of computing the first electric angle Oel. Specifically,
the rotation angle computing device 20 generates the signal
V., based on Equation 10 below.

Vi3 = cosfe’ (10)

sin(@e” + 120°) — sinfle” - cos120°
sinl20°
sin(fe + 240°) — sin(6 + 120°) - cos120°
sinl20°
V2 — V3 . cosl20°
sinl20°
2-V2 + V¥

V3

Subsequently, the rotation angle computing device 20

computes the rotation angle 0e3' using the signal V,,' (=cos
O¢') and the corrected third output signal V3' (=sin Oe'=sin
(0e+120°)) based on Equation 11.

(11)

J, _; sinfe’
fe3” = tan

cosfe’
: V3
Vis

= tan

Then, the rotation angle computing device 20 computes the
third electric angle Oe3 based on Equation 12.

Oe3=0e3'-120° Equation 12

When the electric angle Oe 1s computed 1n step S8, the rotation
angle computing device 20 computes the mechanical angle
(absolute angle) Om of the rotor 1. Specifically, the rotation
angle computing device 20 computes the mechanical angle
Om using the electric angle Oe computed 1n step S13 and the
magnetic pole pair number Q1 corresponding to the pole
number gl sensed by the first magnetic sensor 21 based on
Equation 13.

Om={0e+(Q01-1)x360°}/8 Equation 13

The rotation angle computing device 20 gives the electric
angle Oe computed 1n step S13 and the mechanical angle Om
computed in step S14 to the motor controller 30. Then, the
process 1n the current computation cycle ends.

According to the first embodiment, the rotation angle com-
puting device 20 1s able to compute the electric angle Oe and
mechanical angle Om of the rotor 1 1n each predetermined
computation cycle and to give the computed electric angle O¢
and mechanical angle Om to the motor controller 30. In addi-
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tion, the rotation angle computing device 20 1s able to 1dentify
the magnetic poles respectively sensed by the magnetic sen-
sors 21, 22 and 23 immediately after all the local maximum
values of the first output signal V1, second output signal V2
and third output signal V3 have been detected atfter the start of
rotation angle computing process. Thus, after the start of
rotation angle computing process, it 1s possible to identity the
magnetic poles respectively sensed by the magnetic sensors
21,22 and 23 after the rotor 1 (brushless motor) starts rotating
and before one rotation of the rotor 1 1s completed. That 1is,
alter the start of rotation angle computing process, it 15 pos-
sible to 1dentily the magnetic poles respectively sensed by the
magnetic sensors 21, 22 and 23 1n the early stage immediately
after the rotor 1 starts rotating.

The first embodiment of the invention 1s described above;
however, the invention may be modified into another embodi-
ment. For example, in the first embodiment, the magnetic
pole pair sensed by the first magnetic sensor 21 1s 1identified
based on the combination of the local maximum values of the
three output signals V1, V2 and V3; instead, the magnetic
pole pair sensed by the first magnetic sensor 21 may be
identified based on the combination of the local minimum
values of the three output signals V1, V2 and V3.

In addition, the number of the magnetic pole pairs, the
number of the magnetic sensors, the arrangement pattern of
the magnetic pole pairs having a weak magnetic force and the
magnetic pole pairs having a strong magnetic force and the
arrangement positions of the magnetic sensors are not limited
to the ones described 1n the above embodiment. That 1s, the
number of the magnetic pole pairs, the number of the mag-
netic sensors, the arrangement pattern of the magnetic pole
pairs having a weak magnetic force and the magnetic pole
pairs having a strong magnetic force and the arrangement
positions of the magnetic sensors may be set such that the
combination of the peak values (local maximum values or
local minimum values) of the respective magnetic sensors
differs among the magnetic pole pairs sensed by one refer-
ence magnetic sensor.

Furthermore, even 1n the same magnetic pole pair, different
magnitudes may be set for the positive and negative peak
values to thereby determine the magnetic pole sensed by the
first magnetic sensor. That 1s, determination may be made not
by magnetic pole pairs but by magnetic poles. FIG. 8 1s a
schematic view that shows the configuration of a second
embodiment 1n the case where the 1nvention 1s applied to a
torque detection device of a vehicle steering system.

The vehicle steering system includes an input shait 51, an
output shatt 52 and a torsion bar spring (coupling shait) 53.
The torsion bar spring 33 couples these shaits 51 and 52. A
steering member 54, such as a steering wheel, 1s coupled to
the input shait 51. An intermediate shait (not shown) 1s
coupled to the output shaft 52. The torque detection device
includes a first rotation angle detection device, a second rota-
tion angle detection device and a torque computing unit 20C.
The first rotation angle detection device detects the rotation
angle of the output shaft 52. The second rotation angle detec-
tion device detects the rotation angle of the input shait51. The
torque computing unit 20C computes the torque (steering
torque) applied to the mput shait 51 based on the rotation
angle of the output shaft 52, detected by the first rotation
angle detection device, and the rotation angle of the mput
shaft 51, detected by the second rotation angle detection
device.

The first rotation angle detection device includes a first
magnet (multi-polar magnet) 2A, three magnetic sensors 21,
22 and 23 and a first rotation angle computing unit 20A. The
first magnet (multi-polar magnet) 2A 1s coupled to the output

5

10

15

20

25

30

35

40

45

50

55

60

65

20

shaft 52 so as to be rotatable together with the output shaft 52.
The three magnetic sensors 21, 22 and 23 respectively output
sinusoidal signals having a phase difference from with rota-
tion of the first magnet 2A. The first rotation angle computing
unit 20A computes the rotation angle (electric angle Oc A and
mechanical angle OmA) of the output shaft 52 based on the
output signals V1, V2 and V3 of the three magnetic sensors
21, 22 and 23, and the like.

The second rotation angle detection device includes a sec-
ond magnet (multi-polar magnet) 2B, three magnetic sensors
24, 25 and 26 and a second rotation angle computing device
20B. The second magnet (multi-polar magnet) 2B 1s coupled
to the input shaft 51 so as to be rotatable together with the
input shaft 51. The three magnetic sensors 24, 25 and 26
respectively output sinusoidal signals having a phase ditfer-
ence with rotation of the second magnet 2B. The second
rotation angle computing device 20B computes the rotation
angle (electric angle OeB and mechanical angle OmB) of the
input shait 51 based on the output signals V4, V5 and V6 of
the three magnetic sensors 24, 25 and 26, or the like.

The first rotation angle computing unit 20A, the second
rotation angle computing unit 20B and the torque computing
unit 20C are implemented by an electronic control unit (ECU)
60 that includes a microcomputer. The microcomputer
includes a CPU and a memory (ROM, RAM, nonvolatile

memory, or the like). The memory stores programs, and the
like.

FIG. 9 1s a schematic view that shows the configuration of
the first magnet 2A. The first magnet 2A has a cylindrical
shape. The first magnet 2A has eight magnetic pole pairs M1
to M8 as 1n the case of the magnet 2 of the first embodiment.
The eight magnetic pole pairs M1 to M8 are arranged at
equiangular intervals in the circumierential direction. That is,
the first magnet 2 A has sixteen magnetic poles m1 tom16 that
are arranged at equiangular intervals. Angular regions corre-
sponding to the magnetic pole pairs M1 to M8 in the first
magnet 2A may be respectively referred to as a first region I
to an eighth region VIII. The angular width of each of the
regions I to VIII 1s 45° (mechanical angle).

There are two types of the magnitude of magnetic force 1n
the magnetic pole pairs of the first magnet 2A, that 1s, a
relatively large first magnetic force and a second magnetic
force that 1s smaller than the first magnetic force. The arrange-
ment pattern of the magnetic pole pairs having the first mag-
netic force and the magnetic pole pairs having the second
magnetic force in the first magnet 2A 1s the same as the
arrangement pattern of the eight magnetic pole pairs of the
magnet 2 of the first embodiment. Specifically, among the
eight magnetic pole pairs M1 to M8, the magnetic forces of
the relative magnetic pole pair numbers M1, M2, M3 and M3
are set at the second magnetic force (weak magnetic force),
and the magnetic forces of the relative magnetic pole pair
numbers M4, M6, M7 and M8 are set at the first magnetic
force (strong magnetic force).

The three magnetic sensors 21, 22 and 23 are arranged
around the first magnet 2A. These three magnetic sensors 21,
22 and 23 may be respectively referred to as the first magnetic
sensor 21, the second magnetic sensor 22 and the third mag-
netic sensor 23. In FIG. 9, the second magnetic sensor 22 1s
arranged at a position spaced apart by 73° (600° 1n electric
angle) 1n the clockwise direction from the first magnetic
sensor 21 about the rotation axis of the first magnet 2A. The
third magnetic sensor 23 1s arranged at a position spaced apart
by 105° (840° 1n electric angle) 1n the clockwise direction
from the first magnetic sensor 21 about the rotation axis of the
first magnet 2A.
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In other words, the three magnetic sensors 21, 22 and 23 are
arranged such that, when the first magnetic sensor 21 faces
the position at 0° in electric angle in the first magnetic pole
pair M1, the second magnetic sensor 22 faces the position at
240° 1n electric angle 1n the second magnetic pole pair M2 and
the third magnetic sensor 23 faces the position at 120° in
clectric angle 1n the third magnetic pole pair M3. The direc-
tion indicated by the arrow 1n FIG. 9 1s defined as the forward
rotation direction of the first magnet 2A. Then, as the first
magnet 2A 1s rotated 1n the forward direction, the rotation
angle of the first magnet 2A increases; whereas, as the first
magnet 2A 1s rotated in the reverse direction, the rotation
angle of the first magnet 2A reduces. The magnetic sensors
21, 22 and 23 respectively output sinusoidal signals V1, V2

and V3. During one rotation of each of the sinusoidal signals
V1,V2and V3, the first magnet 2 A rotates an angle (45° (360°
in electric angle)) corresponding to a single magnetic pole
pair.

The angular range of one rotation of the first magnet 2A 1s
divided into eight sections corresponding to the eight mag-
netic pole pairs M1 to M8, and then the angle of the first
magnet 2A, which 1s expressed on the condition that the start
position of each section 1s 0° and the end position of each
section 1s 360°, 1s termed the electric angle OcA of the first
magnet 2A (the electric angle of the output shait 52). Here,
the first magnetic sensor 21 outputs the output signal V1
(=Al-sin OeA) for each section corresponding to one of the
eight magnetic pole pairs M1 to M8. In this case, the second
magnetic sensor 22 outputs the output signal V2 (=A2-sin
(0eA+600°)=A2-sin(0ecA+240°)) for each section corre-
sponding to one of the eight magnetic pole pairs M1 to M8. In
addition, the third magnetic sensor 23 outputs the output
signal V3 (=A3-sin(0e A+840°)=A3-sin(0cA+120°)) for each
section corresponding to one of the eight magnetic pole pairs
M1 to M8. Al, A2 and A3 respectively indicate amplitudes.
However, the amplitudes A1, A2 and A3 change according to
the magnitude of magnetic force of each of the magnetic pole
pairs M1 to M8.

Thus, the magnetic sensors 21, 22 and 23 respectively
output sinusoidal signals having a predetermined phase dii-
terence 120° (electric angle). The output signals of the mag-
netic sensors 21, 22 and 23 may be respectively termed the
first output 81gnal V1, the second output signal V2 and the
third output signal V3. Referring back to FIG. 8, the output
signals V1, V2 and V3 of the respective magnetic sensors 21,
22 and 23 are input into the first rotation angle computing unit
20A. The first rotation angle computing unit 20A executes
rotation angle computing process similar to the rotation angle
computing process (see FI1G. 5) executed by the rotation angle
computing device 20 according to the first embodiment to
identily one of the region numbers I to VIII of the region
corresponding to the magnetic pole pair sensed by the first
magnetic sensor 21 and then compute the rotation angle (elec-
tric angle OeA and mechanical angle OmA) of the first magnet
2 A (output shatt 52).

FIG. 10 1s a schematic view that shows the second magnet
2B. The second magnet 2B has a cylindrical shape. The sec-
ond magnet 2B has thirty-two magnetic pole pairs M1 to M32
that are arranged at equiangular intervals in the circumieren-
tial direction. That 1s, the second magnet 2B has sixty-four
magnetic poles that are arranged at equiangular intervals.
Among the thirty-two magnetic pole pairs M1 to M32, a
magnetic pole pair group formed of M1 to M8 may be
referred to as first group G1, a magnetic pole pair group
tformed of M9 to M16 may be referred to as second group G2,
a magnetic pole pair group formed of M17 to M24 may be
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referred to as third group G3 and a magnetic pole pair group
formed of M235 to M32 may be referred to as fourth group G4.

Numbers 1 to 8 allocated to the e1ght magnetic pole pairs 1n

cach of the groups G1 to G4 are referred to as relative mag-
netic pole pair numbers [1] to [8]. There are two types of the
magnitude ol magnetic force 1n the magnetic pole pairs 1n the
second magnet 2B, that 1s, a relatively large first magnetic
force and a second magnetic force that 1s smaller than the first
magnetic force. The arrangement pattern of the magnetic pole
pairs having the first magnetic force and the magnetic pole
pairs having the second magnetic force 1n each of the groups
(1 to G4 1s the same as the arrangement pattern of the eight
magnetic pole pairs M1 to M8 of the magnet 2 of the first
embodiment. Specifically, among the eight magnetic pole
pairs [1] to [8] in each group, the magnetic forces of the
magnetic pole pairs respectively having the relative magnetic
pole pair numbers [1], [2], [3] and [3] are set at the second
magnetic force (weak magnetic force), and the magnetic
forces of the magnetic pole pairs respectively having the
relative magnetic pole pairnumbers [4], [6], [ 7] and [8] are set
at the first magnetic force (strong magnetic force).
The three magnetic sensors 24, 25 and 26 are arranged
around the second magnet 2B. These three magnetic sensors
24, 25 and 26 may be respectively referred to as the fourth
magnetic sensor 24, the fifth magnetic sensor 23 and the sixth
magnetlc sensor 26. In FIG. 10, the fifth magnetic sensor 25
1s arranged at a position spaced apart by 18.75° (600° 1n
clectric angle) 1n the clockwise direction from the fourth
magnetic sensor 24 about the rotation axis of the second
magnet 213. The sixth magnetic sensor 26 1s arranged at a
position spaced apart by 26.25° (840° 1n electric angle) in the
clockwise direction from the fourth magnetic sensor 24 about
the rotation axis of the second magnet 28.

In other words, the three magnetic sensors 24, 25 and 26 are
arranged such that, when the fourth magnetic sensor 24 faces
the position at 0° in electric angle 1n the first magnetic pole
pair M1, the fifth magnetic sensor 25 faces the position at
240° 1n electric angle 1n the second magnetic pole pair M2 and
the sixth magnetic sensor 26 faces the position at 120° in
clectric angle 1n the third magnetic pole pair M3. The direc-
tion indicated by the arrow 1 FIG. 10 1s defined as the for-
ward rotation direction of the second magnet 2B. Then, as the
second magnet 2B 1s rotated 1n the forward direction, the
rotation angle of the second magnet 213 1ncreases; whereas,
as the second magnet 213 1s rotated 1n the reverse direction,
the rotation angle of the second magnet 2B reduces. The
magnetic sensors 24, 25 and 26 respectively output sinusoidal
signals V4, V5 and V6. During one period of each of the
sinusoidal mgnals V4, V5 and V6, the second magnet 2B
rotates an angle (11.25° (360° 1n electric angle)) correspond-
ing to a single magnetic pole parr.

The angular range of one rotation of the second magnet 2B
1s divided 1nto thirty-two sections corresponding to the thirty-
two magnetic pole pairs M1 to M32, and then the angle of the
second magnet 2B, which 1s expressed on the condition that
the start position of each section 1s 0° and the end position of
cach section 1s 360", 1s termed the electric angle OeB of the
second magnet 2B (the electric angle of the input shait 51).
Here, the fourth magnetic sensor 24 outputs the output signal
V4 (=A4-sin 0eB) for each section corresponding to one of
the thirty-two magnetic pole pairs M1 to M32. Inthis case, the
fifth magnetic sensor 23 outputs the output signal V5
(=A5-sin(0eB+600°=))=AS3-s1n(0eB+240°)) for each section
corresponding to one of the thirty-two magnetic pole pairs
M1 to M32. In addition, the sixth magnetic sensor 26 outputs
the output signal V6 (=A6-simn(0eB+840°))=A6-sin(0cB+
120°)) for each section corresponding to one of the thirty-two
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magnetic pole pairs M1 to M32. A4, AS and A6 respectively
indicate amplitudes. However, the amplitudes A4, AS and A6
change according to the magnitude of magnetic force of each
of the magnetic pole pairs M1 to M32.

Thus, the magnetic sensors 24, 25 and 26 respectively
output sinusoidal signals having a predetermined phase dii-
terence 120° (electric angle). The output signals V4, V5 and
V6 of the magnetic sensors 24, 25 and 26 may be respectively
referred to as the fourth output signal V4, the fifth output
signal V5 and the sixth output signal V6. Referring back to
FIG. 8, the output signals V4, V5 and V6 of the magnetic
sensors 24, 25 and 26 are input 1into the second rotation angle
computing unit 20B. The second rotation angle computing
unit 20B executes rotation angle computing process shown in
FIG. 11 to compute the rotation angle (electric angle 8eB and
mechanical angle OmB) of the second magnet 2B (input shait
51). Note that the peak value for each magnetic pole of the
first magnet 2A and the peak value for each magnetic pole of
the second magnet 2B are stored 1n the nonvolatile memory in
the form of a peak value table as 1n the case of the first
embodiment.

FI1G. 11 1s a flowchart that shows the procedure of rotation
angle computing process executed by the second rotation
angle computing unit 20B. The rotation angle computing
process shown 1n FIG. 11 1s repeatedly executed at predeter-
mined computation intervals. A relative number, allocated to
cach magnetic pole such that the magnetic pole sensed by the
fourth magnetic sensor 24 at the time of the start of rotation
angle computing process 1s set as a reference magnetic pole,
1s defined as a relative pole number. The relative pole number
of the magnetic pole sensed by the fourth magnetic sensor 24
(heremaftter, referred to as “fourth relative pole number”) 1s
denoted by a variable rd4, the relative pole number of the
magnetic pole sensed by the fifth magnetic sensor 235 (here-
inafter, referred to as “fifth relative pole number”) 1s denoted
by a variable r5, and the relative pole number of the magnetic
pole sensed by the sixth magnetic sensor 26 (hereinafter,
referred to as “sixth relative pole number™) 1s denoted by a
variable r6. Note that each of the relative pole numbers r4, 3
and r6 1s an 1integer of from 1 to 64, the relative pole number
smaller by one than 1 1s 64, and the relative pole number
larger by one than 64 1s 1.

In this embodiment, when the magnetic pole sensed by the
fourth magnetic sensor 24 at the time of the start of rotation
angle computing process (reference magnetic pole) 1s a north
pole, the relative pole number “1” 1s allocated to that mag-
netic pole. On the other hand, when the magnetic pole sensed
by the fourth magnetic sensor 24 at the time of the start of
rotation angle computing process (reference magnetic pole)
1s a south pole, the relative pole number *“2” 1s allocated to that
magnetic pole.

In addition, the pole number of the magnetic pole sensed by
the fourth magnetic sensor 24 1s denoted by g4, the pole
number of the magnetic pole sensed by the fifth magnetic
sensor 25 1s denoted by g5, and the pole number of the
magnetic pole sensed by the sixth magnetic sensor 26 1s
denoted by q6. Note that each of the pole numbers g4, g5 and
g6 1s an 1nteger of from 1 to 64, the pole number smaller by
one than 1 1s 64, and the pole number larger by one than 64 1s
1. In addition, the relative magnetic pole pair number of the
magnetic pole pair sensed by the fourth magnetic sensor 24 1s
denoted by [QQ4]. Note that the relative magnetic pole pair
number [(Q4] 1s an mteger of from 1 to 8, the pole number
smaller by one than 1 i1s 8, and the pole number larger by one
than 8 1s 1. In addition, the magnetic pole pair number of the
magnetic pole pair sensed by the fourth magnetic sensor 24
(absolute magnetic pole pair number) 1s denoted by Q4. Note

10

15

20

25

30

35

40

45

50

55

60

65

24

that the absolute magnetic pole pair number Q4 1s an integer
of from 1 to 32, the pole number smaller by one than 1 1s 32,
and the pole number larger by one than 32 1s 1.

When the rotation angle computing process 1s started, the
second rotation angle computing unit 20B reads the output
signals (output signal values) V4, VS and V6 of the magnetic
sensors 24, 25 and 26 (step S1B). Note that the memory (for
example, RAM) of the second rotation angle computing unit
20B stores multiple sets of output signal values, including the
output signal values read a predetermined time before to the
latest output signal values read.

In addition, 1n this embodiment, 1n order to detect the peak
value (local maximum value or local minimum value) of the
output signal V4, the output signal value of which the abso-
lute value 1s larger among the read values of the output signal
V4 1s saved 1n the memory as the peak value candidate of the
output signal V4. Sitmilarly, 1n order to detect the peak value
(local maximum value or local minimum value) of the output
signal V3, the output signal value of which the absolute value
1s larger among the read values of the output signal VS 1s
saved 1n the memory as the peak value candidate of the output
signal V3. Similarly, in order to detect the peak value (local
maximum value or local minimum value) of the output signal
V6, the output signal value of which the absolute value 1s
larger among the read values of the output signal V6 1s saved
in the memory as the peak value candidate of the output signal
V6. However, when the zero-crossing of one of the output
signals has been detected, the corresponding peak value can-
didate 1s reset to zero at a predetermined timing as will be
described later.

When the values of the output signals V4, V5 and V6 are
read 1n step S1B, the second rotation angle computing unit
20B determines whether the current process 1s the first pro-
cess after the start of rotation angle computing process (step
S2B). When the current process 1s the first process after the
start of rotation angle computing process (YES 1n step S2B),
the second rotation angle computing unit 20B executes the
process of setting a relative pole number (step S3B).

The process of setting a relative pole number 1s similar to
the process of setting a relative pole number, described with
reference to FIG. 6. However, the first to third output signals
V1, V2 and V3 1n FIG. 6 are respectively replaced with the
tourth to sixth output signals V4, V5 and V6. In addition, the
first to third relative pole numbers rl, r2 and r3 1n FIG. 6 are
respectively replaced with the fourth to sixth relative pole
numbers r4, r5 and r6.

When the process of setting a relative pole number 1n step
S3B ends, the second rotation angle computing unit 20B
causes the process to proceed to step S12B. When 1t 1s deter-
mined in step S2B that the current process 1s not the first
process alter the start of rotation angle computing process
(NO 1n step S2B), the process proceeds to step S413. In step
S4B, the second rotation angle computing unit 208 deter-
mines whether the zero-crossing, at which the sign of the
value 1s 1nverted, has been detected for each of the values of
the output signals V4, V5 and V6 based on the values of the
output signals V4, V5 and V6 stored in the memory. When no
zero-crossing has been detected (NO 1n step S4B), the second
rotation angle computing unit 20B causes the process to pro-
ceed to step S12B.

When the zero-crossing of one of the values of the output
signals V4, V3 and V6 has been detected 1n step S4B (YES 1n
step S4B), the second rotation angle computing unit 20B
executes pole number 1dentifying process in step S1013 (de-
scribed later) to determine whether the magnetic poles
respectively detected by the magnetic sensors 24, 25 and 26
have been already 1dentified (step S5B). When the magnetic
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poles respectively detected by the magnetic sensors 24, 25
and 26 have not been identified, the second rotation angle
computing unit 20B executes the process of updating a rela-
tive pole number (step S6B). Specifically, the relative pole
number rd, r5 or r6 currently set for the magnetic sensor that
outputs the output signal for which the zero-crossing has been
detected 1n step S4B 1s updated based on the rotation direction
of the rotor 1. More specifically, when the rotation direction
of the second magnet 2B 1s the forward direction (direction
indicated by the arrow 1n FIG. 10), the second rotation angle
computing unit 20B updates the relative pole number r4, 5 or
r6, currently set for the magnetic sensor that outputs the
output signal for which the zero-crossing has been detected 1in
step S4B, to anumber larger by one. On the other hand, when
the rotation direction of the second magnet 2B 1s the reverse
direction, the second rotation angle computing unit 20B
updates the relative pole number rd, r3 or r6, currently set for
the magnetic sensor, to a number smaller by one.

When the process of updating a relative pole number in
step S6B ends, the second rotation angle computing unit 20B
executes peak value detecting process (step S7B). The peak
value detecting process will be specifically described. The
magnetic sensor that corresponds to the output signal for
which the zero-crossing has been detected in step S4B 1s
defined as a peak value detection magnetic sensor. The second
rotation angle computing unit 20B mitially determines
whether the magnetic pole sensed by the peak value detection
magnetic sensor has changed. That 1s, when the rotation
direction of the second magnet 2B at the time when the
previous zero-crossing has been detected 1s the same as the
current rotation direction of the second magnet 2B, the sec-
ond rotation angle computing unit 208 determines that the
magnetic pole sensed by the peak value detection magnetic
sensor has changed. On the other hand, when the rotation
direction of the second magnet 2B at the time when the
previous zero-crossing has been detected differs from the
current rotation direction of the second magnet 2B, the sec-
ond rotation angle computing unit 208 determines that the
magnetic pole sensed by the peak value detection magnetic
sensor has not changed.

When 1t 1s determined that the magnetic pole sensed by the
peak value detection magnetic sensor has changed, the sec-
ond rotation angle computing unit 20B determines that the
peak value has been detected, and then 1dentifies a peak value
candidate corresponding to the magnetic sensor as the peak
value. On the other hand, when 1t 1s determined that the
magnetic pole sensed by the peak value detection magnetic
sensor has not changed, the second rotation angle computing
unit 20B determines that a peak value has not been detected.
Note that the peak value includes a local maximum value that
1s larger than O and a local minimum value that 1s smaller than
0. In this embodiment, the magnetic pole pair sensed by the
fourth magnetic sensor 24 1s 1dentified based on the local
maximum value of the peak value. In the following descrip-
tion, the local maximum values of the fourth output signal V4,
fifth output signal V3 and sixth output signal V6 detected 1n
the peak value detecting process are respectively denoted by
P4, P5 and P6 where appropriate.

When a local maximum value has not been detected 1n the
peak value detecting process (NO 1n step S8B), the second
rotation angle computing unit 20B resets the peak value can-
didate, corresponding to the output signal for which the zero-
crossing has been detected 1n step S48, to O and then causes
the process to proceed to step S12B. On the other hand, when
a local maximum value has been detected 1n the peak value
detecting process (YES 1n step S8B), the local maximum
value 1s stored as a local maximum value P4, P5 or P6 corre-
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sponding to the output signal for which the zero-crossing has
been detected 1n step S413 (step S9B). Then, the second
rotation angle computing unit 20B resets the peak value can-
didate, corresponding to the output signal for which the zero-
crossing has been detected 1n step S4B, to 0 and then causes
the process to proceed to step S10B.

In step S10B, the second rotation angle computing unit
20B executes pole number identifying process (magnetic
pole pair 1identifying process). Where a magnetic pole pair
pattern in which the array of the eight magnetic pole pairs M1
to M8 in the first embodiment 1s expressed by the magnitude
ol magnetic force 1s set as a reference magnetic pole pair
pattern, the magnetic pole pair pattern of each of the groups
(1 to G4 1n the second magnet 2B 1s the same as the reference
magnetic pole pair pattern. Therefore, the second rotation
angle computing unit 20B uses a method similar to the
method of 1dentifying the magnetic pole pair number Q1 of
the magnetic pole pair sensed by the first magnetic sensor 21
in step S10 of FIG. 5 to make 1t possible to identily the relative
magnetic pole pair number [(Q4] of the magnetic pole pair
sensed by the fourth magnetic sensor 24.

That 1s, the second rotation angle computing unit 20B
identifies the relative magnetic pole pair number [(Q4] of the
magnetic pole pair sensed by the fourth magnetic sensor 24
based onthe presetrelationship between the relative magnetic
pole pair numbers [1] to [8] of the magnetic pole pairs sensed
by the fourth magnetic sensor 24 and the combinations of the
local maximum values P4, P5 and P6 of the output signals V4,
V5 and V6, the detected latest local maximum values of the
output signals V4, V5 and V6, and the rotation direction of the
second magnet 2B (first magnetic pole pair identifying pro-
Cess).

Subsequently, the second rotation angle computing unit
20B 1dentifies the absolute magnetic pole pair number Q4 of
the magnetic pole pair sensed by the fourth magnetic sensor
24 based on the relative magnetic pole pair number [Q4] of
the magnetic pole pair sensed by the fourth magnetic sensor
24 and one of the region numbers I to VIII, which corresponds
to the magnetic pole pair sensed by the first magnetic sensor
21 and which 1s identified by the first rotation angle comput-
ing unit 20A (second magnetic pole pair identifying process).

FIG. 12 1s a schematic view that schematically shows the
relative positional relationship between the regions I to VIII
of the first magnet 2A and the groups G1 to G4 of the second
magnet 2B 1n the case where there 1s no torsion in the torsion
bar spring 53. If the relative magnetic pole pair number of the
magnetic pole pair sensed by the fourth magnetic sensor 24
has been identified as [8] by the second rotation angle com-
puting umt 208, the magnetic pole pair sensed by the fourth
magnetic sensor 24 1s one of M8, M16, M34 and M32.

I the magnetic pole pair sensed by the fourth magnetic
sensor 24 1s M8 1n the first group G1, the maximum value of
the absolute value of the torsional angle of the torsion bar
spring 53 1s presumed to be lower than or equal to 15° 1n
mechanical angle, so the magnetic pole pair sensed by the first
magnetic sensor 21 1s one of the region II and the region III.
If the magnetic pole pair sensed by the fourth magnetic sensor
24 1s M16 1n the second group G2, the magnetic pole pair
sensed by the first magnetic sensor 21 1s one of the region IV
and the region V.

If the magnetic pole pair sensed by the fourth magnetic
sensor 24 1s M24 1n the third group G3, the magnetic pole pair
sensed by the first magnetic sensor 21 1s one of the region VI
and the region VII. If the magnetic pole pair sensed by the
fourth magnetic sensor 24 1s M32 in the fourth group G4, the
magnetic pole pair sensed by the first magnetic sensor 21 1s
one of the region VIII and the region I.
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Thus, when the relative magnetic pole pair number of the
magnetic pole pair sensed by the fourth magnetic sensor 24
has been 1dentified as [8] by the second rotation angle com-
puting unit 20B, 1t 1s possible to 1dentily the magnetic pole
pair sensed by the fourth magnetic sensor 24 as one ol M8,
M16, M24 and M32 based on one of the region numbers I to
VI1II, which corresponds to the magnetic pole pair sensed by
the first magnetic sensor 21.

Similarly, when the relative magnetic pole pair number
identified by the second rotation angle computing unit 20B 1s
a value other than [8], 1t 1s possible to identify the magnetic
pole pair (absolute magnetic pole pair number) Q4 sensed by
the fourth magnetic sensor 24 1n consideration of one of the
region numbers I to VIII, which corresponds to the magnetic
pole pair sensed by the first magnetic sensor 21 and which has
been identified by the first rotation angle computing unit 20A.
Table 2 shows the relationship between the combination of
the relative magnetic pole pair number [(Q4] of the magnetic
pole pair sensed by the fourth magnetic sensor 24 and one of
the region numbers 1 to VIII, which corresponds to the mag-
netic pole pair sensed by the first magnetic sensor 21, and the
absolute magnetic pole pair number (4 of the magnetic pole
pair sensed by the fourth magnetic sensor 24.

TABLE 2
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netic pole pair sensed by the fourth magnetic sensor 24. Thus,
in this case, the second rotation angle computing unit 208
identifies the pole number g4 of the magnetic pole currently
sensed by the fourth magnetic sensor 24 based on q4=2-Q4. In
addition, the second rotation angle computing unit 20B 1den-
tifies the pole number g5 of the magnetic pole sensed by the
fifth magnetic sensor 25 based on q5=(q4-rd)+rS. Further-
more, the second rotation angle computing unit 20B identifies
the pole number g6 of the magnetic pole sensed by the sixth
magnetic sensor 26 based on q6=(qd-r4)+r6. Then, the pro-
cess proceeds to step S12B.

Note that, when the magnetic pole pair sensed by the fourth
magnetic sensor 24 has not been identified, for example,
when 1t 1s determined 1n step S10B that the local maximum
values of the three output signals V4, V5 and V6 have not been
detected (stored), or the like, the second rotation angle com-
puting unit 208 causes the process to proceed to step S12B
without executing the above described pole number 1dentify-
ing process. When 1t 1s determined 1n step S5B that the mag-
netic polesrespectively sensed by the magnetic sensors 24, 235
and 26 have been already 1dentified (YES 1n step S5B), the
second rotation angle computing unit 20B resets the peak
value candidate, corresponding to the output signal for which

RELATIVE MAGNETIC POLE PAIR NUMBER [Q4]

8 1 21 Bl @ 51 [6 (7]

REGION 1 M32 Ml M2 M3 M4  M> - -

NUMBER 1I - - - - M4  M>S M6 M7
I11 M& M9 M10 MI11 MI12 MI13 — —
IV - - - - M12 MI13 Ml14 MI1>
V Mle M17 MI18 MI19 M20 M21 — -
VI - - - - M20 MZ21 M22 MZ23
VII M24 M25 M26 M27 M28 M29 — -
VIII — - - - M28 M29 M30 M3l

(8] [1]
M8 M9
M16 M17
M24 M25
M32 Ml

That 1s, the second rotation angle computing unit 20B
identifies the absolute magnetic pole pair number Q4 of the
magnetic pole pair sensed by the fourth magnetic sensor 24
based on the relative magnetic pole pair number [(Q4] of the
magnetic pole pair sensed by the fourth magnetic sensor 24,
one of the region numbers I to VIII identified by the first
rotation angle computing unit 20B (region number corre-
sponding to the magnetic pole pair sensed by the first mag-

netic sensor 21) and the details of Table 2.

As described 1n the first embodiment, when the rotation
direction of the second magnet 2B 1s the forward direction
(direction indicated by the arrow 1n FIG. 10), the magnetic
pole sensed by the fourth magnetic sensor 24 1s a magnetic
pole having a north pole between the magnetic poles of the
magnetic pole pair sensed by the fourth magnetic sensor 24.
Thus, 1n this case, the second rotation angle computing unit
20B 1dentifies the pole number g4 of the magnetic pole cur-
rently sensed by the fourth magnetic sensor 24 based on
qd4=2-Q4-1. In addition, the second rotation angle computing
unit 20B 1dentifies the pole number g5 of the magnetic pole
sensed by the fifth magnetic sensor 25 based on q5=(q4-r4)+
rS. Furthermore, the second rotation angle computing unit
20B 1dentifies the pole number g6 of the magnetic pole sensed
by the sixth magnetic sensor 26 based on q6=(q4-rd)+16.
Then, the process proceeds to step S12B.

On the other hand, when the rotation direction of the sec-
ond magnet 2B 1s the reverse direction, the magnetic pole
sensed by the fourth magnetic sensor 24 1s a magnetic pole
having a south pole between the magnetic poles of the mag-
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the zero-crossing has been detected in step S4B, to O and then
executes the process of updating a pole number (step S11B).
Specifically, when the rotation direction of the second magnet
2B 1s the forward direction, the pole number g4, g5 or g6 that
has been already 1dentified for the magnetic sensor that out-
puts the output signal for which the zero-crossing has been
detected 1s updated to a pole number larger by one; whereas,
when the rotation direction of the second magnet 2B 1s the
reverse direction, the pole number g4, g3 or g6 that has been
already 1dentified for the magnetic sensor that outputs the
output signal for which the zero-crossing has been detected 1s
updated to a pole number smaller by one. As the process of
updating a pole number 1n step S11B ends, the second rota-
tion angle computing unit 20B causes the process to proceed
to step S12B.

In step S12B, the second rotation angle computing unit
20B executes amplitude correction process. That 1s, when the
pole numbers g4, g5 and g6 of the magnetic poles respectively
sensed by the magnetic sensors 24, 25 and 26 have been
1identified, the second rotation angle computing unit 20B cor-
rects the amplitudes of the output signals V4, V5 and V6 of the
magnetic sensors 24, 25 and 26. The amplitude correction
process 1s similar to the amplitude correction process
described 1n step S12 of FIG. 5, so the description thereof 1s
omitted. On the other hand, when the pole numbers g4, g5 and
g6 of the magnetic poles respectively sensed by the magnetic
sensors 24, 25 and 26 have not been i1dentified, the second
rotation angle computing unit 20B causes the process to pro-
ceed to step S13B without executing the amplitude correction
Process.
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When the amplitude correction process ends, the second
rotation angle computing unit 20B computes the electric
angle 0eB of the input shaft 51 based on the output signals
V4', V5'and V6' of which the amplitudes have been corrected
in step S12B (step S1313). However, when no amplitude
correction 1s performed in step S12B, the electric angle OeB 1s
computed based on the values of the output signals V4, V5
and V6 read 1n step S13. The process of computing the electric
angle OeB, executed 1n step S13B, 1s similar to the process of
computing the electric angle Oe, described in step S13 of FIG.
5, so the description thereof 1s omitted.

When the electric angle OeB 1s computed 1n step 13B, the
second rotation angle computing unit 20B computes the
mechanical angle (absolute angle) OmB of the mput shaft 51
(step S14B). Specifically, the second rotation angle comput-
ing unit 208 computes the mechanical angle 0 mB using the
clectric angle OeB computed 1n step S13B and the magnetic
pole pair number Q4 corresponding to the pole number g4
sensed by the fourth magnetic sensor 24 based on Equation 14
below.

OmB={0eB+(04-1)x360°}/32 Equation 14

The torque computing unit 20C computes a steering torque
T based on the mechanical angle OmA of the output shait 52,
computed by the first rotation angle computing unit 20A, the
mechanical angle OmB of the input shait 51, computed by the
second rotation angle computing unit 20B, and the spring
constant K of the torsion bar spring 53. Specifically, the
torque computing umt 20C computes the steering torque T
based on Equation 15 below.

1=(0mA-0mb)xK Equation 15

In the embodiment, 1t 1s possible to compute the steering
torque T. In addition, 1t 1s possible to compute the steering
angle OmB that 1s the rotation angle (mechanical angle) of the
input shait 51 and the rotation angle (mechanical angle) OmA
of the output shaft 52. The second magnet 2B fixed to the
input shait 51 has thirty-two magnetic pole pairs, so, after the
start of rotation angle computing process, the steering angle 0
mB 1s computed 1n a considerably early stage immediately
aiter the input shaft 51 starts rotation.

In the embodiment, as shown 1n FIG. 9, the first magnet 2A

has the eight magnetic pole pairs M1 to M8; instead, the first
magnet 2A may have sixteen, twenty-four or thirty-two mag-
netic pole pairs. Thus, two, four or eight magnetic pole pairs
are included 1n each of the regions I to VIII of the first magnet
2A shown 1n FIG. 9 and FIG. 12. In this case, the first to third
magnetic sensors 21, 22 and 23 are arranged such that the
angular interval 1n electric angle between the consecutive two
of the first to third magnetic sensors 21, 22 and 23 are equal to
the angular interval 1n electric angle between the consecutive
two of the first to third magnetic sensors 21, 22 and 23 shown
in FIG. 9.
In addition, 1n this case, the magnitude of magnetic force of
cach of the plurality of magnetic pole pairs included 1n the
same region 1n the first magnet 2 A 1s set to the same strength.
Then, the magnitudes of magnetic forces of the magnetic pole
pairs 1n each of the regions I to VIII of the first magnet 2A 1s
set so as to be equal to the magnitudes of magnetic forces of
the magnetic pole pairs M1 to M8 1n a corresponding one of
the regions I to VIII in the first magnet 2A shown in FIG. 9.
For example, the magnitude of magnetic force of each mag-
netic pole pair included 1n the region I of the first magnet 2A
1s equal to the magnitude of magnetic force of the magnetic
pole pair M1 of the above described first magnet 2A.

Thus, the combination of the local maximum values of the
three output signals V1, V2 and V3 differs among the regions
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I to VIII sensed by the first magnetic sensor 21, so it 1s
possible to 1dentily the region sensed by the first magnetic
sensor 21 based on a combination of the local maximum
values of the three output signals V1, V2 and V3. Various
design changes may be applied the aspect of the ivention
within the range of the matter recited in the appended claims.

What 1s claimed 1s:

1. A rotation angle detection device that detects a rotation

angle of a rotor, comprising;:

a multi-polar magnet that rotates with rotation of the rotor,
and that has at least one magnetic pole pair having a first
magnetic force and at least one magnetic pole pair hav-
ing a second magnetic force;

a plurality of magnetic sensors that respectively output
sinusoidal output signals having a phase difference with
rotation of the multi-polar magnet;

a peak value detecting unit that detects peak values of
output signals of the respective magnetic sensors; and

a magnetic pole pair identifying unit that identifies one of
the magnetic pole pairs, sensed by one of the magnetic
sensors, which serves as a reference magnetic sensor,
based on a combination of the peak values of the output
signals of the respective magnetic sensors, detected by
the peak value detecting unit, wherein

the number of the magnetic pole pairs, the number of the
magnetic sensors, an arrangement pattern of the at least
one magnetic pole pair having the first magnetic force
and the at least one magnetic pole pair having the second
magnetic force and arrangement positions of the mag-
netic sensors are set such that the combination of the
peak values of the output signals of the respective mag-
netic sensors differs among the magnetic pole pairs
sensed by the reference magnetic sensor.

2. Therotation angle detection device according to claim 1,

turther comprising:

a magnetic pole identifying unit that identifies magnetic
poles respectively sensed by at least two magnetic sen-
sors based on the magnetic pole pair identified by the
magnetic pole pair identilying unit;

an amplitude correction unit that corrects amplitudes of the
output signals of the at least two magnetic sensors based
on the magnetic poles 1dentified by the magnetic pole
identifying unit; and

a rotation angle computing unit that detects the rotation
angle of the rotor based on the at least two output signals
of which the amplitudes are corrected by the amplitude
correction umnit.

3. Therotation angle detection device according to claim 1,

wherein

the plurality of magnetic pole pairs are formed of first to
eighth magnetic pole pairs,

the plurality of magnetic sensors are formed of first to third
magnetic sensors, and

the three magnetic sensors are arranged such that, when the
first magnetic sensor faces a position at 0° in electric
angle 1n the first magnetic pole pair, the second magnetic
sensor faces a position at 240° 1n electric angle 1n the
second magnetic pole pair and the third magnetic sensor
faces a position at 120° in electric angle in the third
magnetic pole pair.

4. Therotation angle detection device according to claim 2,

wherein

the plurality of magnetic pole pairs are formed of first to
cighth magnetic pole pairs,

the plurality of magnetic sensors are formed of first to third
magnetic sensors, and
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the three magnetic sensors are arranged such that, when the
first magnetic sensor faces a position at 0° 1n electric
angle 1n the first magnetic pole pair, the second magnetic
sensor faces a position at 240° 1n electric angle 1n the
second magnetic pole pair and the third magnetic sensor
faces a position at 120° 1n electric angle 1n the third
magnetic pole parr.

5. A torque detection device that includes a coupling shaft

that couples a first shaft to a second shaft and that detects a
torque applied to the first shaft and the second shatt based on
a relative rotation displacement between the first shaft and the
second shaft due to torsion of the coupling shaft, comprising:

a first rotation angle detection device that has the same
conflguration as a basic rotation angle detection device
that 1s the rotation angle detection device according to
claim 1 or that has the same configuration as that of the
basic rotation angle detection device except a configu-
ration of the multi-polar magnet, and that 1s used to
detect a rotation angle of the first shatt; and

a second rotation angle detection device that has the same
confliguration as that of the basic rotation angle detection
device except the configuration of the multi-polar mag-
net, and that 1s used to detect a rotation angle of the
second shaft, wherein

a multi-polar magnet 1n the first rotation angle detection
device 1s configured such that each magnetic pole pair of
the multi-polar magnet 1n the basic rotation angle detec-
tion device 1s formed of at least one magnetic pole pair
having the same magnetic force as that magnetic pole
pair of the multi-polar magnet 1n the basic rotation angle
detection device,

a magnetic pole pair identifying unit in the first rotation
angle detection device 1s configured to, among region
numbers that indicate angular regions corresponding to
the respective magnetic pole pairs of the multi-polar
magnet 1 the basic rotation angle detection device,
identily the region number corresponding to one of the
angular regions, sensed by a reference magnetic sensor
in the first rotation angle detection device,

where a magnetic pole pair pattern in which an array of the
plurality of magnetic pole pairs in the basic rotation
angle detection device 1s expressed by an array of mag-
nitudes of magnetic forces 1s set as a reference magnetic
pole pair pattern, a multi-polar magnet in the second
rotation angle computing device has such a magnetic
pole pair pattern that the reference magnetic pole pair
pattern 1s repeated n times (n 1s an 1teger larger than or
equal to 2),

a magnetic pole pair identifying unit in the second rotation
angle detection device includes a first magnetic pole pair
identifying unit and a second magnetic pole pair ident-
fying unit,

where a number that denotes the sequence of the magnetic
pole pairs 1n each reference magnetic pole pair pattern
included 1n the magnetic pole pair pattern of the multi-
polar magnet of the second rotation angle detection
device1s defined as arelative magnetic pole pair number,
the first magnetic pole pair identifying unit 1s configured
to 1dentily a relative magnetic pole pair number corre-
sponding to the magnetic pole pair sensed by a reference
magnetic sensor i the second rotation angle detection
device, and

the second magnetic pole pair identifying unit 1s config-
ured to i1dentily the magnetic pole pair sensed by the
reference magnetic sensor in the second rotation angle
detection device based on the relative magnetic pole pair
number 1dentified by the first magnetic pole pair identi-
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fying unit and the region number 1dentified by the mag-
netic pole pair 1dentifying unit 1n the first rotation angle
computing device.

6. A torque detection device that includes a coupling shaft

> that couples a first shaft to a second shaft and that detects a
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torque applied to the first shaft and the second shatt based on
a relative rotation displacement between the first shaft and the
second shait due to torsion of the coupling shatt, comprising:

a first rotation angle detection device that has the same
conflguration as a basic rotation angle detection device
that 1s the rotation angle detection device according to
claim 2 or that has the same configuration as that of the
basic rotation angle detection device except a configu-
ration ol the multi-polar magnet, and that 1s used to
detect a rotation angle of the first shatt; and

a second rotation angle detection device that has the same
confliguration as that of the basic rotation angle detection
device except the configuration of the multi-polar mag-
net, and that 1s used to detect a rotation angle of the
second shaft, wherein

a multi-polar magnet 1n the first rotation angle detection
device 1s configured such that each magnetic pole pair of
the multi-polar magnet 1n the basic rotation angle detec-
tion device 1s formed of at least one magnetic pole pair
having the same magnetic force as that magnetic pole
pair of the multi-polar magnet in the basic rotation angle
detection device,

a magnetic pole pair identifying unit 1n the first rotation
angle detection device 1s configured to, among region
numbers that indicate angular regions corresponding to
the respective magnetic pole pairs of the multi-polar
magnet 1 the basic rotation angle detection device,
identily the region number corresponding to one of the
angular regions, sensed by a reference magnetic sensor
in the first rotation angle detection device,

where a magnetic pole pair pattern in which an array of the
plurality of magnetic pole pairs in the basic rotation
angle detection device 1s expressed by an array ol mag-
nitudes of magnetic forces 1s set as a reference magnetic
pole pair pattern, a multi-polar magnet in the second
rotation angle computing device has such a magnetic
pole pair pattern that the reference magnetic pole pair
pattern 1s repeated n times (n 1s an integer larger than or
equal to 2),

a magnetic pole pair identifying unmit in the second rotation
angle detection device includes a first magnetic pole pair
identifying unit and a second magnetic pole pair 1dent-
fying unit,

where a number that denotes the sequence of the magnetic
pole pairs in each reference magnetic pole pair pattern
included in the magnetic pole pair pattern of the multi-
polar magnet of the second rotation angle detection
device1s defined as a relative magnetic pole pair number,
the first magnetic pole pair identifying unit 1s configured
to 1dentily a relative magnetic pole pair number corre-
sponding to the magnetic pole pair sensed by a reference
magnetic sensor 1n the second rotation angle detection
device, and

the second magnetic pole pair 1dentifying unit 1s config-
ured to identily the magnetic pole pair sensed by the
reference magnetic sensor in the second rotation angle
detection device based on the relative magnetic pole pair
number 1dentified by the first magnetic pole pair identi-
tying unit and the region number 1dentified by the mag-
netic pole pair 1dentifying unit 1n the first rotation angle
computing device.
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7. The torque detection device according claim 5 1n a
vehicle steering system, wherein
the second rotation angle detection device 1s configured to
detect the rotation angle of the second shafit as a steering
angle. 5
8. The torque detection device according claim 6 in a
vehicle steering system, wherein
the second rotation angle detection device 1s configured to
detect the rotation angle of the second shaft as a steering
angle. 10
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